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ABSTRACT
This thesis describes the preparation of iron(II) 
complexes of a variety of amino-acids and similar 
ligands5 such as pyridine-2-carboxylic acid and 
and pyridine-3-carboxylie acid* All the compounds 
were extremely sensitive to aerial oxidation, and 
for this reason all the preparations were carried 
out under an atmosphere of nitrogen, and subsequently, 
all the instrumental techniques were carried out on the 
dry complexes handled either under nitrogen or in_ vacuo«
All the products are 2:1 amino-acid:iron complexes 
with the exception of the dicarboxylic amino-acids, 
aspartic and glutamic acids, and the sulphur- 
containing acid, cystine, which all formed 1:1 
complexes. Magnetic measurements and reflectance 
spectra indicate that in all cases the iron possesses 
a highr-spin d^ electronic configuration, the ligand 
environment being h distorted octahedral. All the 
complexes were magnetically normal, with the 
exception of bis(glycylglycinato) iron(II) and the 
complexes of the sulphur-containing amino-acids, 
cysteine, cystine, S-methyl cysteine and methionine.
All these showed the presence of some antiferromagnetic 
interactions within the complex, due, probably, to 
the predominantly polymeric nature of the structure.
Reaction of these complexes with nitric oxide gave 
rise to a variety of products, rather than the 
expected nitrosyl complex. Nitrosyl complexes were 
obtained with bis(glycinato) iron(II), bis(trypto- 
phanato) iron(II), bis(serinato) iron(II), bis(histidr- 
nato) iron(II) and from a solution of cysteine and 
iron(II) sulphate heptahydrate. The product of the 
latter reaction is thought to be cystinatoiron' ‘ 
dinitrosyl. When iron(II) complexes of the other 
aminor-acids were reacted with nitric oxide in a similar 
manner, a variety of uncharac'nterizable, and sometimes 
unstable, iron (III) products Wces^ obtained.
Initial studies of the reaction between iron(II) 
sulphate, cysteine and sodium nitrite were carried 
out at elevated temperature. Although no definite 
conclusions can be made concerning the nature of the 
reaction, it would appear that the complex(es) formed
in the reaction are not as simple as those suggested
- _ 96by van Roon
Initial investigations were also carried out into 
the study of iron(II) amino-acid complexes in solution 
by the use of NMR spectrometry. This would permit 
study of the metal complexes in very dilute solutions 
by the measurement of the magnetic susceptibilities 
of the complexes, and by measurement of the shift of 
signals on the addition of iron(II), information can 
be gained concerning the binding sites in the complexes.
To Barbara
omnia vincifc amor, et nos cedamus amori -
Virgil
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CHAPTER I 
INTRODUCTION
1.1 The Role of Chemical Additives in Meat Products
i ji ' .
The nled to preserve meats and meat products developed when man became
£
a hunter, Jnd found it necessary to store meat obtained in times of plenty, 
for consumption in times of scarcity. The earliest preserved meats were 
probably sun-dried; this being superseded by the meat being dried over a 
wood fire.
Man soon realised that dried or highly salted meat would not spoil as 
easily as the fresh product, and the salting and smoking of meat was known 
to be an ancient practice even in the time of Homer, 850 B.C.
With this as a basis, preservation technology expanded, and with the 
introduction of refrigeration and advanced packing techniques, together 
with the use of chemical additives, meat processors were no longer tied 
down to the need for high salt concentrations and drying as the basic 
preserving methods. This has led to experimentation with lower salt and 
higher moisture levels in the final product creating a range of new 
processed meat products.
It is important that chemical additives for use as preservatives in 
meat products should produce an environment which is unfavourable for the 
growth of bacteria and other micro-organisms, such as yeasts, which cause 
food spoilage, while at the same time having little or no adverse effect 
on the flavour, appearance, texture or nutritional properties of the product
The addition of salt, commonly as sodium chloride in a brine solution, 
to meat products effects preservation in two ways. Firstly, it reduces 
the moisture content of the meat by increasing the extracellular osmotic 
pressure and secondly, it produces an environment unfavourable for the 
growth of many bacteria.
Apart from sodium chloride, many other chemicals may be added to the 
preserving brine. Only a very few are added as chemical preservatives,
The others being added to improve the physical appearance and quality of
the meat, |;
;! " ■
Nitrate; and nitrite, for example, fulfil a multifunctional role,
!
As well as aecreasing the moisture content, they also effect an improvement
on the colour and flavour of the meat and also have an inhibitory effect
on microbial growth. This will be discussed more fully later.
Reducing compounds such as ascorbic acid, sodium ascorbate and, in
the U.S.A., sodium erythorbate, are often added to the brine, not as a
preservative but in order to increase the rate of colour development"^ and
2to reduce the oxidation of myoglobin to metmyoglobin in preserved meats.
Alkaline phosphates are also included, as they have the effect of
3increasing the water-binding capacity of the meat and reducing shrinkage 
during subsequent processing. Phosphates also retard the rate of oxidative 
rancidity, and, it has been suggested, may improve texture by their effect 
on the meat pH4.
1.2 The Function of Nitrate and Nitrite as Chemical Additives
The role of nitrate added to meat cures would appear primarily to be
5*that of a source of nitrite due to bacterial reduction .
Nitrite performs three important functions in the curing process
(1) The improvement of colour
(2) The enhancement of flavour
(3) The inhibition of clostridial growth.
1.2.1 The Improvement of Colour
In 1901 Haldane reported that the colour of cured pork was a result 
of the reduction of nitrate to nitrite, and subsequent reaction of the 
nitrite with the meat pigment. It is probable that the effect was noticed 
many centuries before, when meat, preserved in brine, took on a blotchy 
appearance, rather than the dull grey associated with salt meats. The red
patches on the surface were due to nitrate and nitrite impurities in the 
salt used ior preserving.
IIn thfc‘ meat system the principal source of colour is the muscle
I , ..
protein mycglobin (Mb) which consists of a haem nucleus attached to a 
protein moiety giving a total molecular weight of about 17,000. The haem .
group consists of a large planar ring of four pyrrole nuclei, linked to
. \
each other by methjne bridges, around a central iron atom which can 
exist in both the ferrous and ferric forms (Fig. I)#
The reaction of the nitrite with the meat pigment is complex, and not 
yet fully understood. Myoglobin has a great tendency to accept a ligand 
coordinating to the iron in the vacant sixth position. Often the surface 
of uncooked meat is a bright red due to the coordination of oxygen to the
y
iron to produce oxyi^pglobin (O^Mb); the iron, however, remaining in the 
ferrous state. In the ferric form of myoglobin - metmyoglobin (Met-Mb) - 
the colour changes from red to brown. Myoglobin will readily react with 
nitric oxide or nitrite to produce nitrosomyoglobin which is bright red 
and stable even on cooking.
The formation reaction of nitrosomyoglobin has been studied by a
7-9 10number of workers' . A recently suggested mechanism proposes a three
stage reaction. In the first stage nitrite oxidises myoglobin, iron(ll),
to metmyoglobin, iron(lll), and simultaneously oxidises ferrocytochrome c
to nitrosoferricytochrome c. The nitroso group is then transferred from
the nitrosoferricytochrome c to the metmyoglobin to give nitrosometmyoglobin.
The final stage involves the reduction of nitrosometmyoglobin to
nitrosomyoglobin. This is, perhaps, a very simplified scheme since there
is the possibility of both enzymic and non-enzymic reactions occurring.
The presence of reducing agents such as ascorbic acid, thioglycollic
acid or thioacetamide has been shown to enhance the yield of nitrosomyoglobin,
The minimum requirement of nitrite for colour stability is not known
(CHJCOOH
IX (Haem)
wii,n any a ccuracy. nerr at ai. staxea tnat; JLpo ppm 01 sodium nitrite
12are sufficient for colour fixation, whilst Ingram reported that 5 ppm 
were adequate for limited periods, and for prolonged preservation 20 ppm
fwould suffice.
Recently, objections have been raised with regard to the use of 
(see Section 1.3)
nitrite in meat/, and work has been done in finding suitable substitutes.
13With regard to the question of colour enhancers, Dymicky et al. surveyed 
more than 300 compounds of a general nitrogenous nature, using a meat 
emulsion slurry as a model system. Pyridine compounds were the most 
efficient pigment enhancers, depending on the nature and position of the 
substituent. Isoquinoline, pyrazine and imidazole also formed stable 
pigments. No investigation of the toxicity or flavour effects has been 
reported.
1.2.2 The Enhancement of Flavour
It was not until the end of the last century that it was established 
that nitrite rather than nitrate was responsible for the colour formation, 
and probably the cured flavour of meat products. Brooks et al.^  
described the relationship between the flavour of porks cured in brines 
containing different'.amounts of nitrate and nitrite and the concentrations 
of these salts. They concluded that the characteristic cured flavour is 
due primarily to the action of nitrite on the flesh.
To date, however, no firm evidence is available for the mechanism 
of the flavour production. The flavour and odour of cooked meats arise 
from water or fat soluble precursors and by liberation of volatile 
substances pre-existent in the meat. Development in this field is geared 
towards the use of analytical techniques for the detection and identification 
of organic compounds in very low concentrations. Gas-liquid chromatography, 
especially when linked to a mass spectrometer, has proved a powerful tool
in this work. Mottram and Rhodes'1^  used this technique to analyse the 
volatiles produced from cured meats. The analysis proved complex,
I
producing :;ji excess of 40 chromatogram peaks, many containing more than
i  ■ ■ ■
one substance. No conclusive results as to the flavour difference between
cured and uncured meats have been reported.
Many of the compounds present in the volatile fraction have been
identified, particularly carbonyls, fatty acids, esters and amino acids.
Furthermore, nitrite is known to react with many of these components,
for example, amino acids and thiols, to give N-nitrosoamino acids and
S-nitrosothiols. Yet still the compound or compounds responsible for the
flavour have not been established. Smoking of meats will increase the
complexity of the volatile fraction.
l6 17Cross and Ziegler and Bailey suggest that one function of the 
nitrite is to reduce the oxidation of unsaturated lipids and hence the
18
formation of carbonyl compounds. This has been borne out by recent work 
which has shown that nitrite retards the rate of oxidative rancidity, as 
judged by the thiobarbituric acid value of a model system.
1*2.5 The Inhibition of Clostridial Growth '
Botulism, a serious type of food poisoning which is fortunately rare, 
arises from the growth of the bacterium Clostridium botulinum on food 
when the environment is favourable. This requires a suitable temperature, 
adequate moisture, a favourable osmotic pressure and pH, and a suitable 
oxidation/reduction potential. An adequate supply of nutrients is also a 
prerequisite for growth.
The bacterium Clostridium botulinum is known to be widely distributed 
in nature and can exist not only in an active growing state but also as 
spores which lie dormant until the conditions are favourable for growth. 
The Clostridia spores are highly resistant to heat and also to chemical 
treatment- which would destroy growing vegetative cellsj they are also 
anaerobic, and produce a potent neurotoxin.
Tne inhibition of clostridial growth is based on the production of 
an environment which will not permit the spores to develop* This can be
I
done in several ways, for example, by freezing or pasteurizing, dehydrating
or the usejof chemical additives*
The use of nitrite comes into the last class - chemical additives,
and nitrite appears to have a specific action in inhibiting
19 20Clostridium botulinum *
 ^. The biochemical mechanism of the inhibitory effect of nitrite is not
20 21fully known but it is thought to be due to undissociated nitrous acid, *
although the exact mechanism is complicated by the interaction of several 
12 22factors * such as temperature, pH and salt content. The dependence of 
the inhibitory action on pH might be expected if the action were due to 
undissociated nitrous acid; the concentration of nitrous acid increasing 
tenfold for every unit decrease in pH. The maximum effect occurs at pH 5* 
since at lower pH values it has been suggested other reactions may occur 
with the nitrous acid. It is also possible that the meat might impose 
a powerful buffering action on the system.
Experiments^’^  on the inhibitory mechanism have .suggested that 
nitrite reacts with some components of the meat during the heating process 
to produce an inhibitory substance, more powerful than nitrite itself, 
and differing from nitrite in that its inhibitory action is only slightly 
pH-dependent.
The nature of this inhibitory substance is discussed further in 
section 1.4*
The amount of nitrite added in commercial cures is well in excess of 
the quantity required to react with myoglobin and other reactive groups 
present to produce the characteristic colour and flavour of the cured meat. 
The excess is responsible for the inhibitory effect, but it is noted that 
on heating and storage the nitrite content of the meat decreases.
It has been suggested*1*4^  that initially there may be some oxidation of
nitrite to .nitrate, and gaseous products such as nitrous and nitric oxide
25 ' 'have been detected  ^following the interaction of nitrite with porcine
skeletal muscle. It has also been shown that a relationship exists
(
t
between the loss of added nitrate and the reduction in free sulphydryl
26groups in the meat *
27 28 27Ascorbate 9 and histidine have also been shown to have an effect
on the added nitrite.
1.3 Nitrosamine Formation and Toxicity
The undesirable physiological effects of high nitrite concentrations
29 30 31themselves have been realised for many years 79 J 9 , although the limits
prescribed in food regulations have removed any cause for concern.
Recently, the emphasis has shifted from the toxicity of nitrite itself
to the toxicity of the products of the reaction between nitrite and
secondary amines, the N-nitrosamines•
Following an industrial accident, interest was shown in the
toxicology of dimethylnitrosamine and results of the investigation showed
32 33that the compound was carcinogenic 9 . This did not* cause much concern
until workers in Norway showed that nitrosamines could occur in the 
34-environment . In this case, cancerous tumours were found in cattle and 
sheep and the cause was traced to herring meal which had been preserved 
with a large quantity of sodium nitrite. The toxic element was shown to 
be dimethylnitrosamine produced by reaction of the nitrite with secondary 
and tertiary amines occurring naturally in the fish.
The possibility that a similar reaction could occur in human food 
could not now be discounted, even though the levels of nitrite and amines 
would be much lower. Furthermore, there is the possibility that even if 
the foodstuffs themselves contain no traces of nitrosamines, the nitrite 
and amines may react during their passage through the alimentary system,
particularly in the stomach where acidic conditions exist.
These ..findings have stimulated a new field of research into the
formation, both in vitro and in vivo, biological action and toxicity
| : .
of N-nitrosamines.
1,3,1 Formation >
N-nitrosamines are readily formed by the reaction between nitrous 
acid and secondary amines. The reactive component of the nitrous acid in 
the reaction is the acid anhydride NgO^ which forms slowly^ (l).
2H0N0 0=N-0-N=0 +
Dinitrogen trioxide reacts readily with secondary and tertiary amines, 
attaching a nitroso group to the amine nitrogen atom (2).
R,
<!■R2-Ns_ 0=N-0~N=0
R,
fl of
R -N-S-nJ-0-N=0 
2 1 
U  R3
R,
e2-k ^ - n=o + N®02
8.
(2)
Reactions involving other electrophilic nitrosating agents, such as 
,| , |
NO 1 H^ONO may also be postulated, according to conditions (3)-(6)*
HONO H20N0 H20 + NO
2H0N0 ^  H20 + N2°3 H20
I1 I1
1
r 9-hS-ho2 p — £
H H
R.
R,
>N-N0 + H
R1 +■
H
I
0-H
R9-Ni^ -aJI0
2 1
H
-HfcOv R,
1
R
>>N-1 
2
”^ ^ N-N0 + H' 
R,
In secondary amines, in which R^ and R2 are alkyl or aryl groups and
R^ is a hydrogen atom, the proton can readily be lost to give an
N-nitrosamiie. Under favourable conditions tertiary amines will also
I : 36 37
give N-nitr osamines * .
'  I
The maximum rate of nitrosation of amines occurs at pH 3*4> close to
the pK value for nitrous acid. The nitrosation of amino acids has a a
maximum between pH 2 and pH 2.5, due to the complicated ionisation pattern
126of these compounds. The reaction is catalysed by halide ions and by 
2 0
thiocyanate , which occurs in human saliva.
The presence of amines, as intermediates in the protein metabolism
51 54-56 52 53of plants, animals 9J^  J , and fislr 9 9 is well accepted. In
particular, low molecular weight secondary amines such as dimethylamine
and diethylamine have been detected in several parts per million. Many
other compounds containing the secondary amine function, RR*NH, are present,
particularly as amino acids. Tertiary amines and quaternary ammonium salts,
for example neurine, carnitine, and choline are also well known.
51It has been shown' that nitrosamines are formed, in vitro, between 
nitrites and secondary and tertiary amines under conditions similar to 
those found in the mammalian stomach. The following scheme (7) has been 
suggested for the reaction^”^.
NO"— ^  NO" — NO" + R-N-R1 -- ^ R-N-R*   (7)5 2 * 1
bacterial at pH 1 ^ ^
reduction to pH 3 it
at pH 4 to 7 (values of 0
(before or human
after ingestion) stomach)
The first step of this reaction has been demonstrated to occur in the 
human stomach under the right conditions. It is more likely that NO,
rather than NO", is formed by the reduction of nitrite under acidic
conditions.
The nitrosation reaction has been investigated in vivo by means of 
feeding experiments in which amines and nitrite are added to the normal
diet of animals and the formation of nitrosamines is monitored by the 
tumour format ion in the animals* Lung adenomas have been induced in mice
I
fed on a dirt supplemented with nitrite and morpholine, methylaniline, or 
6^>
piperazine ' j no tumours being formed in the animals fed with either amines
! 62-65or nitrite alone. Evidence of this type " ,  supports the idea that
synthesis of nitrosamines can occur in the stomachs of animals following
administration of the precursor materials in the diet. The nitrosamines
then exert their carcinogenic effect in the same way as if ingested directly.
Concern has been shown recently over the possibility that nitrite
ingested with foodstuffs may interact with certain common drugs which are
66secondary or tertiary amines, Workers have obtained dimethylnitrosamine 
from oxytetracycline and aminopyrine, and diethylnitrosamine from 
nikethamide (Fig. II). Malignant tumours of liver and lung developed in 
rats when fed for a prolonged period on a diet containing aminopyrine, or
f r j
heptamethyleneimine, together with nitrite ’ ♦ It has been suggested
that the addition of ascorbate to these drugs would lessen the chances of
60 *7Q
formation of nitroso compounds ’ , However, some workers have shown
that the protection only applies when amine and nitrite are fed separately
and not following the feeding of nitrosamine and ascorbate.
Considering the low concentrations of amines present in most foodstuffs,
together with the neutral pH values normally found in foods and the
possibility of competing reactions, the yields of nitrosamines would be
61expected to be small .
72In vivo, tests on animals fed with canned meats containing nitrite 
have shown body nitrosamine concentrations of 30 PP*> of dimethylnitrosamine, 
and less than 2 ppb of diethylnitrosamine using meat containing 0.5ppm nitrite.
1.3.2 Toxicity
32As reported previously , the toxicity of dimethylnitrosamine was
HO CH^OH N(CH3)2
Oxytetracycline N,N-Dimethylaminopyrine
Nikethamide
( i d
NO 
■fL
N-Nitrosopiperidine
'N
N«Nifcrbsopyrrolidine
/ \
ON— N N— NO
A  /
r~\
0 N - N O
\ _ _ y
N ,N1 ~Dinitrosopiperazine N—Nitrosomorpholine
c m )
investigated following an industrial accident. In laboratory tests on a
number of rnimals, rats, rabbits, mice, guinea pigs, and dogs, all
suffered slvere liver damage following the addition of doses of
dimethylnivrosamine, ranging from 20 to 40 mg/kg body weight, to their
normal diet. The damage was produced by a single dose of about 25 mg/kg
irrespective of whether given by mouth or by intravenous, intraperitoneal,
39or subcutaneous injection . Mean lethal dosages for a number of related 
nitroso compounds are also reported.
The acute toxicity of nitrosamines outlined above is of little 
importance to the food scientist since the concentrations of nitrosamines 
involved are far higher than would be present naturally in foodstuffs, or 
in other areas of the environment.
An area of more interest to the food scientist, and of chemical
32interest, is the carcinogicity of N-nitroso compounds. Magee and Barnes^ 9 
carrying out experiments with lower dimethylnitrosamine concentrations
(50 ppm) in the diet of twenty rats, found that nineteen of the rats
developed hepatic tumours within twenty-six to forty weeks. This work
has been confirmed and extended to cover about 100 N-nitroso compounds by
33 40-43Magee and other workers^,n ^ . Of all the nitroso compounds tested, 
some 75i° showed carcinogenic activity to a greater or lesser extent^.
ll-nitroso compounds show little specificity in the site and nature 
of the tumours produced. However both site and tumour type show a 
remarkable dependence on the chemical structure of the particular compound 
and also on the type of animal used. The nature of the tumours appears to 
be independent of the route of administration, which implies that 
N-nitrosamines act systemically and are easily distributed throughout the 
body. Sites of the body in rodents in which tumours, attributable to 
N-nitrosamines, have so far been produced, are the oesophagus, brain, 
pancreas, lung, stomach, tongue, liver, bladder, kidney and bone.
As with most carcinogens, the effectiveness of N-nitrosamines is greater 
when administered in a number of small doses rather than as one large dose.
IThere is evidence that N-nitrosamines, as well as being carcinogenic,
1 45 46
also cause mutation in certain species of bacteria * and their activity
as mutagens’ is as great as their carcinogenicity. This may be of
importance since some workers have postulated that the carcinogenesis of
these compounds arises from chromosome injury via alkylation^. By the
use of radio-active tracers, a mechanism has been suggested that involves
the transfer of an alkyl group from the N-nitroso compound to the genetic
material, in particular to the N-7 position in g u a n i n e ^ * w h i c h  in
turn leads to faulty base pairing and defective replication.
50
This mode of carcinogenicity has been brought into question recently 
by workers who showed that certain cyclic N-nitroso compounds 
(nitrosopyrrolidine, nitrosopiperidine, nitrosomorpholine and 
dinitrosopiperazine, Pig. Ill), whose carcinogenicity is equal to that of 
aliphatic N-nitrosamines, gave rise to much less alkylated guanine, and in 
some cases none at all was detected. The importance of molecular shape on 
the carcinogenic properties was suggested, particularly with reference to 
the ^ X-hydrogen atoms in the N-nitrosamine. Experiments with deuterium- 
substituted N-nitrosamines, particularly nitrosomorpholine and 
dimethylnitrosamine, suggest that the initial steps in the production of 
cancerous tumours may be the same. Similarly, substituting the ^ -hydrogen 
position with methyl* groups reduces the potency quite markedly, whilst 
substitution elsewhere may increase the carcinogenicity.
The great interest which has arisen in nitrosamines over the past 
two decades has brought with it a wealth of information concerning the 
detection of nitrosamines in foodstuffs. Earlier reports are open to 
question since analytical techniques at the time lacked the specificity 
for the unequivocal identification of nitrosamines at the very low levels
xouuu jlu xcxiu. mure zeueuuxy wxuxi one use ox comomea gas-xiquia. 
chromatography/mass spectrometry, reliable results can be obtained for
I 'volatile nitroso compounds. However, no completely acceptable method is
■! - ■' ■ yet available for non-volatile nitroso compounds.
1.3*3 Transnitrosation
Transnitrosation is the process by which a nitroso group is transferred 
from one molecule to another, the nitroso group being attached initially 
to either an organic species as in the case of an N-nitrosamine, or 
coordinated to a metal complex, to form a metal nitrosyl.
The mechanism of carcinogenicity suggested in Section 1.3*2, in which 
the N7 position of guanine in the nucleic acid is alkylated, is thought to 
involve the oxidation, metabolically, of an alkyl substituent into a 
diazoalkane, which can then alkylate nucleic acids, (8).
R, R, H>1 „+ + /
^>N-NO — /  N\  ^ R1~N=N-OH + R*
2 2 ^  alkyldiazotic acid
...... (8)
R-N^N .
In the case of several N-nitrosamines, particularly cyclic 
nitrosamines, which have been shown to be carcinogenic (e.g. N-nitroso- 
piperidine, N-nitrosomethylaniline) the alkylation pathway appears to be 
unlikely. It has been suggested in these cases that they may act as 
carcinogens by the transfer of the nitroso group to other amine-containing 
compounds, either directly or via the intermediate formation of nitrous
If the reaction were to proceed in accordance with equation (9) then 
the formation of metal nitrosyls, in biological systems, may also be of
i
importance |Ln the transnitrosation reaction.
Transnitrosation reactions are well known between organic molecules.
73 74Schmidt and Parihar and Sharm have investigated the reaction between
diphenylnitrosamine and compounds containing activated methylene groups.
In one reaction, when diphenylnitrosamine and deoxybenzoin were heated at
80° for 30 minutes in ethanol, a 50$ yield of the oxime was obtained, the
reaction proceeding according to (11).
■*
Jo 2«
* t S L - j J S )   (11>
H N O
Other workers'^ produced N-nitrosomethylaniline in 100$ yield by 
refluxing N-methylaniline with N-nitroso-3-nitrocarbazole in benzene for 
20 minutes (12).
02n
CH O J  T O J  benz^ e->
..... <12)
0 H
rj C 7 7
There is evidence 1 that, in the case of organic nitroso compounds at 
least, the transfer of the nitroso group is direct and does not involve 
the intermediate formation of nitrous acid.
as a carrier 01 xne nrcrosonium ion, nu , js-mxrosammes are iiKeiy 
to exist at:i protonated species (Figures IV and V).
suggest the diazotic acid structure (V),the dipolar character being similar
suggested, on the basis of U.V. experiments, that several structures,
possibly molecular complexes, are formed in dilute acidic media.
Mechanisms of transnitrosation involving metal nitrosyls have not
80received a great deal of attention. Bottomley and his co-workers have
reported that metal nitrosyls in which the nitrosyl stretching frequency
-1 +is at approximately 1800 cm , i.e. existing as NO , can be a precursor
81in nitrosamine formation. Bonnett and Martin have shown that the 
transnitrosation of diphenylamine to N-nitrosodiphenylamine can be 
effected using nitrosoiron(ll)octaethylhaem. There is also evidence that 
the addition of ascorbic acid greatly reduces the amount of 
transnitrosation.
T ?7—1 ^50
There is evidence to show that metal ions, in particular
copper(II), iron(Il), manganese(ll) and nickel(II) can act as homogeneous 
catalysts for nitrosation reactions involving nitric oxide. The 
mechanism of nitrosation is not clearly understoodj it is thought that, 
on the basis of the close analogy between NO and CO, the reaction may 
involve the formation of a metal nitrosyl containing organic ligands 
followed by insertion of nitric oxide into the organic molecule.
The nature and chemistry of metal nitrosyls is discussed at length in 
section 1.6.
(IV) (V)
It is not clear from early investigations as to the conjugate acid
78
structure of N-nitr os amines. N.M.R. studies in strongly acidic media
79to that of the unprotonated species. However, other workers have
1.4 Antimicrobial Inhibitors
The addition of nitrite to meat products to inhibit microbial growth,
I io,24
in particular, the growth of Clostridium botulinum, is well recognised 1 .
The biochemical mechanism of the inhibitory action is, however, not
i -
completely understood, but appears to be pH dependent, maximum inhibitory 
action occurring at pH 5* This has led to the suggestion that the
mechanism involves undissociated nitrous acid^.
82~ In 19679 Perigo et al. , reported that nitrite heated in a
laboratory medium had a greater inhibitory power with respect to
Clostridium sporogenes than unheated nitrite and the inhibitory effect
differed in some respects from the unheated system. Perigo later
extended this work to include a range of Clostridia, and showed that the
thermally induced inhibitor (often known as the Perigo type factor - PTF)
was effective against a number of strains of Cl. botulinum (types A, B, E
and F) Cl. welchii, Cl. tetani. Cl. bifermentans, Cl. seplicum and
84Cl. hislolyticum. Other workers have shown that the PTF is effective
against some Bacillus species, but other strains of Bacillus and several
strains of Salmonella were resistant to inhibition.
The role of PTFs in both meat and culture-medium systems has been
85 86the subject of extensive investigations ’ . Perigo type factors
isolated from various culture medium systems show a chemical similarity 
to a range of iron nitrosyl co-ordination complexes described originally 
by Roussin^. Tri-/^-thio-mononitrosyl-tris(dinitrosyl)tetraferrate 
(commonly known as Roussin's black salt, Via) has been studied 
microbiologically and has shown antimicrobial activity against a range of 
micro-organisms^,^ ,^ . Ashworth et al*^ carried out extensive 
antimicrobial studies on both Roussin's black salt and other possible 
Perigo type factors, and results showed that the presence of iron and a 
reducing agent was essential for inhibitory action. Products extracted
Roussin Red Salt, Diethyl ester
iiN
•o
Anion of Roussin Black Salt
from heated hydrolysed casein media containing ferrous sulphate,
nitrite a;,id either ascorbate or thiogylcollate had similar physico- 
*chemical properties to Roussin’s black salt.
! 92
Grevor obtained inhibition of Clostridium sporogenes on treating
meat, prior to canning, with a solution containing low amounts of nitrite
and cysteine, and heating the closed cans for 20 minutes at 110°C.
This has led workers to believe that low molecular weight compounds
produced from iron/cysteine/nitrite mixtures may be important factors in
the inhibitory process. Reactions between iron salts, cysteine and
93-95nitrite to produce iron nitrosyl complexes are well known^' ^ and
96
Van Roon has shown that this type of complex has inhibitory power.
It is suggested that this type of complex may be produced readily if
nitric oxide, from nitrite, free ferrous ions and accessible sulphydryl
94-groups are present. Vanin has shown that reaction of nitric oxide and
ferrous ions with the cysteyl groups of actomyosin does occur.
Although there is much evidence for the Perigo type inhibitory
effects in culture medium systems, evidence for such effects in meat
97products is lacking. Grever , in later work, has concluded that the
Perigo type effect could not be induced by the addition of cysteine,
ferrous salts and nitrite to canned meat products, both pasteurised and
85 86 98 99sterilised. There are reports of small Perigo type
contributions to microbial inhibition in meat products.
As well as the ferrous-cysteinyl-nitrosyl complex and Roussin’s
black salt, other inhibitors have been suggested, in particular Roussin’s
red salt (Fig. VIb) and S-nitrosothiols^^"1^^ , in particular cysteine
thionitrosyl and other products of the reaction between nitrite and the
constituents of meat tissues. The soluble nitrosothiols have been shown
100 109 «— 1to be inhibitory in culture media systems 9 ■ ^Van Roon and
QQ
Olsraan have demonstrated that cysteine thionitrosyl when added to
meat products, produces an inhibitory effect in about the same 
concentration as nitrite. It is suggested that the anti-clostridial 
effect could result from the -SNO formed by reaction of nitrite with the 
SH-groups of the meat protein. Such nitroso compounds would not be
I
expected to be inhibitory, being insoluble? however, lability of the
protein bound nitrite at temperatures greater than 50°C has been reported"*^.
At these temperatures nitrosothiols decompose into nitric oxide which
possibly reacts with other endogenous substances to produce an enhanced
inhibitory effect.
In bacteriological culture media systems the addition of ferrous ions
91
is beneficial to the inhibitory action . In meat systems, however, it
has been suggested that the presence of iron may have a detrimental effect
108on the inhibitory action • This arises because the complex product of
iron, nitric oxide and free cysteyl groups is strongly adsorbed to meat
protein, and because the stability of this bound complex is greater than
that of the S-nitrosothiols, a lower concentration of free nitric oxide is
produced. Thus Perigo-type inhibition may occur in meat products,
contributed to either directly or indirectly by nitrosothiols. The presence
of ferrous ions, often as impurities from the can, disturbs the effect.
113Huhtanen et al. have investigated the. production of a variety of
iron nitrosylsulphides (i.N.S.) under controlled conditions of pH. The
empirical formulae postulated differ markedly from the currently accepted
formula of the Roussin black salt, |Fe4(NO)7S3 >  suggesting an ionic
complex of [Fe3(NO)5S2 ]- Since Roussin reported the preparation of this 
8?
type of compound a number of chemically similar, although
stoichiometrically different iron nitrosylsulphides have been reported,
175-181prepared under a variety of reaction conditions ? • Huhtanen prepared
his I.N.S.*s in air from potassium nitrate, rather than nitrite used
175—181extensively in earlier preparations , potassium or ammonium sulphide,
and ferrous sulphate heptahydrate, keeping the pH constant at 7*0-7.5 or 
9.0-10.0.
It is'not clear from Huhtanenfs work whether he is proposing that
the currently accepted, and crystallographically characterized, formula
for the Roussin black salt is incorrect, or just suggesting that the
composition of this type of compound depends to a great extent on the
reaction conditions, in particular pH.
- - The I.N.S.!s produced had a minimum inhibitory concentration in a
media system, of only 0.16 ppm compared with 80 ppm for sodium nitrite.
However, when meat or meat extract was added to the system the inhibitory
effect was removed. The same workers also report investigations into the
use of citric acid as a microbial inhibitor, although initial results
were inconclusive. The importance of the low molecular weight reaction
products between nitrite and the degradation products of meat tissue such
1.114
as carbohydrates and fats is shown by the work of Mirna and Corett i
The nitrosation of phenols, sulphydryl compounds and compounds containing
115active methylene groups is as kinetically favoured as N-nitrosation .
Results on bacteria of the strain Micrococcus in .culture media 
systems showed a significant amount, of inhibition due to ethylnitrolic 
acid (VII), and to a lesser extend propylnitrolic acid.
CHrj-N02 (v i i)
NOH
116Ethylnitrolic acid has been identified as a product of the reaction
between nitrite and sorbic acid (VIIl)
°5 S
H / ^ C=C\  j P  (VI11)
H C\^
OH
As both of these may be present in foodstuffs (although sorbic acid 
is not permitted in certain countries) this may be of considerable importance,
Nitronc acias are reaaiiy iormea oy tne reaction 01 i-nitro-aiieanes
with nitrovs acid‘^ ,^ ‘^  (13)*
R«-CHJ-N02 + HONO
-h2o
>  R»-CH-N02 ^ 
NO
£  R'-C-NO,
II 2
(13)
NOH
It has been suggested that this class of compound may also be formed 
from suitable compounds containing activated methylene groups. Ketones,
bacterial DNA. This could lead to mutagenic action by nitrite reaction
products and further studies are needed in this direction.
Much of the work into the chemical nature of the inhibitory action of
nitrite in the meat system has involved the tracing of added nitrite.
There is much evidence that a substantial amount of the nitrite which is
"lost” on storage remains in the meat in a form other than nitrite^^,‘^ ~ ‘^
124JEt has been suggested that the nitrite may react, on heating, with 
haem-type iron proteins to form nitrosyl haem compounds, in particular 
dinitrosyl haem. This would require the globin portion to be detached on 
heating and both free coordination positions of the iron to be occupied by 
nitric oxide.
A major pathway for the loss of nitrite has been shown to be the
132reaction of nitrite with non-haera proteins . The nitrite is thought to 
react with sulphydryl groups on the protein to form nitrosothiols. It has 
been estimated that between 8 and 25$ of added nitrite may react in this
which are known to be present in meat tissue as products of the degradation 
115of fats , may react to give C-nitrosoketones which undergo a
rearrangement (14)*
R f-C-CH0-R" + HONO -> r i-C-CH-R" v ^ R'-C-C-R" (14)
I 111
0 0 NO 0 NOH
It has been reported‘^ ,‘^  that ethylnitrolic acid causes damage to
way. There is much evidence that low molecular weight peptides or amino 
acids, rather than proteins, function in the depletion of added nitrite.
Having seen the importance of iron compounds in the composition of
!
the antimicrobial inhibitors, and the role of proteins and, more
I
especially, peptides and amino acids in the removal of nitrite it is worth 
considering whether the two effects might not be related.
E.S.R. studies of iron nitrosyl complexes with proteins, amino acids 
and other related ligands have been carried out. A full account of these 
may be found in Chapter 1, section 6 - "Iron Nitrosyls".
1*5 Biological Significance of Iron
Iron is an essential element for all living organisms, both plant and 
animal. Iron deficiency in plants is not uncommon, particularly in areas 
with alkaline or high manganese-containing soils. In man, a dietary 
deficiency of iron leads to anaemia which can be alleviated by the 
administration of iron supplements, either as simple salts, although with 
these the iron is only poorly absorbed, or as neutral or anionic complexes 
such as iron-fructose or iron-ascorbate.
Since the biotic medium is predominantly aqueous it is fitting to 
look at the chemistry of iron in terms of the chemistry of the aqueous
ions. It is, however, likely that the local environment of the metal
ions within biological systems is effectively non-aqueous.
The aqueous chemistry of iron is based on the +2 and +3 oxidation 
states^\ When simple iron(ll) salts are dissolved in water, they give 
rise to the pale green aquo-ion [^ e(OH^)53  corresponding iron(lll)
ion, however, undergoes extensive dissociation in aqueous solutions, 
giving an acidic solution with a pH = 1, (13)and(l4).
JPe(OH2)g]]2+ |Pe(OH2)5(OHj]+ + H+ •= 10-9*5 ..... (1?)
jFe(OH2)gJ 3+ > jFe(OH2)5(OH)]2+ + H+ K& = lO-3, 0..... (14)
Iron^IIIj salts undergo further hydrolysis and show a tendency to 
form polynnclear aggregates in which the iron atoms are linked by
hydroxo- ai. d oxo- bridges. In alkaline solutions the aggregates rapidly
Ipolymerize to form a colloid gel of "ferric hydroxide11 (15)
0J ^ > P e III(OH2)4]]4+
"Ferric Hydroxide" gel (15)
Both iron(ll) and iron(lll) ions readily form stable complexes, mostly 
with an octahedral (or distorted octahedral) geometry. Iron(ll) shows a 
tendency to bind strongly to nitrogen-containing ligands. Iron(IIl) 
ions, however, have a low affinity for such ligands, unless they sire 
capable of inducing spin-pairing, so stabilizing the complex by the gain 
in crystal field stabilization energy (C.F.S.E.), for example,
1,10- .-phenanthro1ine or 2,2*-bipyridyl. Iron(lll) has a greater affinity 
for oxygen donor ligands such as phosphates and polyalcohols.
Iron(ll) and iron(lll) ions have d-electron configurations which give 
rise to high spin and low spin states (Fig. l). Iron(ll) and iron(IIl) 
form compounds in both states. The spin-pairing energy of the d-electrons 
in Fe^+(358 kj mole” )^ is nearly twice that of Fe^+(270 kj mole"^), so 
the only ligands which will induce a low spin configuration in trivalent 
iron are those producing an extremely large orbital splitting (A). for 
example, cyanide and 2,2*-bipyridyl. Some ligands, therefore, can produce 
low spin complexes with divalent iron, leaving trivalent iron complexes 
with a high spin configuration. Certain ligands, such as dithiocarbamates (IX)
(IX)
Octahedral
Configuration
Tetrahedral
produce an orbital splitting such that C.F.S.E. and the energy required 
for spin-priring are finely balanced. Thus, depending on the conditions,
I
both high cnd low spin configurations may be produced in the same complex.
■ I ■
The action of non-oxidising acids on metallic iron produces iron(ll)
salts, not liron(lIl), as may be expected from consideration of the redox
potentials of Fe'^/Fe'^ species. The potential varies with the chemical
environment of the metal ion, and with complex formation and high spin/low
.clv\.A
spin crossover effects,\has great biochemical significance.
Fig. 2 summarises how the complex stability, and hence the redox
potential, is dependent on the crystal field stabilization energy.
In Fig. 2(a), high spin iron(ll) loses an electron to give high spin
iron(lll), with a loss in C.F.S.E. of 2A f e2+/5. The larger A  (Fe2+) is,
the less favourable is the reaction and the redox potential increases.
In Fig. 2(b) the orbital splitting is of such a value that will permit a
low spin iron(ll) configuration. In this case the resultant loss of
C.F.S.E. is 12/5 A ( F e 2' f), which means that the stability of the lower
oxidation state is greatly increased. Finally, (c) shows the situation
that arises if the orbital splitting is sufficiently large to allow a low
spin configuration in both iron(ll) and iron(lll). The decrease in
C.F.S.E* means an appreciable stabilization of the upper oxidation state.
This account does not take into consideration the change in spin-
pairing energies, which may reduce the effects. There are other factors
which affect the stability of the oxidation states. The trivalent state
is considerably stabilized by anionic ligands. This has the effect of
increasing the entropy of the system by reducing the interaction between
3+the metal complex and water. The larger formal charge on Fe gives 
rise to an increase in the crystal field splitting, A  , and hence the 
C.F.S.E.
Turning to the biological aspects of iron, Table 1 summarises the
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more important iron compounds which occur m  nature, indicating the
functions of each compound and the major source. In the meat system,
!the iron compounds present in mammals are of the greatest importance;
Ibut certaik iron compounds present only in bacteria and micro-organisms
cannot be bverlooked since these may be present in small concentrations.
132Fig. 3 outlines the metabolism of iron in mammalian systems •
The absorption of iron from food (in man, about 20 mg/day) occurs
primarily in the duodenum, the process depending to some extent on the
chemical state of the iron. The mechanism is not clearly understood,
but involves both an active and a passive mode. In the active mechanism
iron is absorbed via the mucosal cells of the intestine. If the ingested
level is high, the mechanism breaks down as the iron storage capacity is
saturated. The passive mechanism is dependent on the state of the iron.
If the iron is in the form of a neutral or anionic complex then absorption
is much more rapid than if the iron is present as simple salts.
Iron passes into the blood from the stomach, the change of pH from
acid to alkaline (pH = 7*4) means that any divalent iron is oxidised to
iron(lll). The iron is then found in the form of transferrin in blood,
a molecule (M.W. = 90,000) capab2$ of binding two atoms of iron, whose
133function is translocation of the iron . Transferrin is extremely 
26stable (K 10 ) and can scavenge iron from plasma and remove it from
stable complexes, such as phosphate and citrate. In this way’the iron
liberated in the catabolism of erythrocytes is conserved.
134 3+Reeent studies have shown that the transferrin - Fe complex is
directly involved in the incorporation of iron into immature red cells
(erythroblasts). The mechanism of this involves the complex binding to
the cell, after which the iron is split off and absorbed into the cell.
Iron is stored in the liver, spleen and bone marrow by means of
relate.d proteins, ferritin and haemosiderin. Ferritin consists of a
Dietary Iron ( 15 mg daily)
V
I l I I l I l~ Intestinal Mucosal Cells
Low Molecular w'e.iyht Ligands
Ferritin Fe
5+Fe-Transferrin
Liver CellBody CellMuscle
Cells
Reticulum Ce 
Ferritin -Fe
FerritinRespiratory
Enzyme
Myoglobin
Degradation Hemosiderin
Red-cell 
Precursor +Fe2+
2+FeHaem
Mature
Erythrocyte
ExcretionBileCell losses Cell lossesBlood loss
Fig.3 Schematic Diagram of the Biological Role of Iron
micelle of iron(III) hydroxyphosphate, about 90 nm in diameter, 
surrounded by a protein "coat'*, the iron content being about 20^^.
I ' ■ ' ' . .The exact nature of haemosiderin is still uncertain although the iron 
content is Estimated at about 40 6^.
The transfer of iron between transferrin and ferritin is an active 
process requiring both ATP as an energy source and ascorbic acid, acting 
as a reducing agent, yielding divalent iron, which is then incorporated 
into ferritin. This is peculiar, in view of the kinetic inertness of 
divalent iron complexes.
Nearly 75 per cent of the iron in the mammalian body is present as 
haemoglobin, (X), the oxygen-carrying pigment of red blood cells.
Haemoglobin is an iron containing haem unit (i) coordinated to a globin 
protein moiety"^.
The haem moiety is formulated as a high spin iron(ll) on the evidence 
of magnetic, spectroscopic and chemical data. The addition of one axial 
substituent, for example through the imidazole nitrogen of a histidine 
residue of globin, encourages the binding of a sixth ligand, to give an 
octahedral complex. In the presence of oxygen or othey oxidising agents, 
haem and the related species, haemochrome3, are oxidised to haemin and 
haemichromes, the oxidation potential depending on the nature of the axial 
ligand. The stability of the divalent oxidation state increases with 
increasing field strength of the ligands, the redox potential becoming 
rapidly more positive as the ligands cause a crossover from the high spin 
to the low spin state. The redox potential may also be altered by 
variation of substituents in the tetrapyrrole ring, depending on the 
electron withdrawing or donating power.
In the active form of haemoglobin, which contains four such haem units, 
the sixth coordination position is taken up with water. Examination of the 
oxidation potential of haemoglobin shows that it is more stable with the
Globin
Oxyhaemoglobin
X
iron in the trivalent state, and is readily oxidised by many oxidising
agents to methaemoglobin. Oxygen, however, is unable to effect such an
oxidation. The reaction of oxygen with haemoglobin involves the
displacement of the water molecule and the binding of the oxygen molecule
to the iron, causing the change of spin state from high-spin to low-spin.
135-137 iThe mode of binding of oxygen in the oxyhaemoglobin is not known ' (X
It is clear, then, that the binding of oxygen increases the ligand field
III IIto such an extent that the oxidation potential of the Haem Fe /Haem Fe 
couple increases beyond the limit at which oxygen can bring about the 
oxidation reaction. It is possible that additional kinetic stability may 
be provided by the .ligand environment.
All four haem units present in haemoglobin have the ability to 
coordinate oxygen, but it has been established that they do not act 
independently of one another, the binding of each oxygen affecting the 
binding of the subsequent one, the relative affinities being 1:4:24:9*
The reason for this effect, known as cooperativity, lies in the change of 
spin state brought about by the binding of an oxygen molecule. In 
deoxyhaemoglobin, containing iron in a high spin state, the iron atom is 
0.07-0.08 nm above the1 plane of the porphyrin ring, since it is too large 
to fit‘the "hole" of the ring. The binding of oxygen causes a spin-state 
change to low spin, which reduces the size of the iron atom sufficiently 
to allow it to slip into the plane of the ring. The movement causes a 
pull on the histidine residue which alters the conformation of the whole 
globin chain, thus causing the cooperativity.
Haemoglobin transports oxygen from the lungs to the tissues where 
the lower partial pressure of oxygen causes a reversal of the binding 
equilibrium and oxygen is released. This is then rapidly bound to 
myoglobin, another haem protein containing only one haem unit.
Myoglobin, since it contains only one haem unit, binds oxygen better at 
lower partial pressures. It is present in muscle cells, and is therefore 
of great importance when considering meat systems.
The haem unit is not limited to just the oxygen-carriers but is 
also found in other types of functional compounds. Hydroperoxidase 
enzymes are a second class containing haem units. These include 
catalase, peroxidase and cytochrome c peroxidase. They are normally 
isolated with the iron existing in a high-spin trivalent state, and 
their function is to decompose peroxides, which they do without a formal 
change in oxidation state.
One important class of haem-containing compounds, which perform
the function of electron transfer, are the cytochromes, which link the
oxidation of a substrate with the reduction of molecular oxygen in aerobic 
138metabolism . The cytochromes function by shuttling between the divalent 
and trivalent states, without directly binding to the substrate molecule.
The nature of cytochromes varies from organism to organism and can 
even vary in one species, making classification complex. Classification 
of the fifty or so cytochromes which have been characterised so far, is 
based on the nature of‘the porphyrin ring system and in turn upon spectral 
data for the pyridine derivative. Type a have the c< -band in the 
porphyrin spectra at lower wavelengths than 570 nm; type b have the 
OC-band in the range 555-560 nm, and have vinyl side chains in the 
porphyrin rings 5 and*type c have the 0<-band in the range 540-552 nm 
and the vinyl groups on the porphyrin ring saturated.
Cytochromes b and c possess strongly-bound ligands in the fifth and
sixth coordination positions, and because of this they are incapable of
133binding oxygen molecules  ^. Cytochrome a^ , which comes at the end of 
the electron transfer chain, is bound to water in the sixth position and 
is therefore capable of binding oxygen (Fig. 4)« They are also known as
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cytochrome oxidases because of their reactivity towards oxygen.
In all the cytochromes the iron atom is low spin in the divalent state. 
It is only recently that interest has been taken in iron proteins which 
contain iron bound in some form other than as a haem group. This class 
of compounds is commonly known as non-haem iron proteins (NHIP).
Non-haem iron proteins can function in the same way as the haem proteins, 
as oxygen carriers - a minor function, and in iron storage and transport 
and electron transport - the most common functions. It is this type of 
compound which is active in the metabolism of micro-organisms.
Table 2 summarises some of the more important non-haem iron proteins 
showing the number of iron centres and sulphur content.
All the NHIP!s involved in electron transfer involve the iron bound
to sulphur atoms. Pig. 5 outlines the type of structures which have been
139 140suggested for the iron centres in the proteins ^ . Rubredoxin 
behaves differently from other ferredoxins in that no hydrogen sulphide 
is liberated on addition of a mineral acid. This suggests that it does 
not contain any inorganic sulphide, and that individual iron atoms are 
bound to four cysteine residues, rather than there beipg an iron-sulphur 
"cage” present in the protein.
The oxidation potentials of all these compounds, with one exception, 
are negative, implying that the preferred state for the iron is as 
iron(lll), which means that the divalent iron form will readily act as a 
reducing agent. Although these proteins may contain more than one iron 
atom per molecule they frequently only accept one electron. However, the 
assignment of oxidation states to the iron centre is complicated by the 
possibility of iron-iron interactions resulting in an effective pairing 
of electrons. EPR measurements on the reduced form of p?^ ant ferredoxin 
indicate a low spin monovalent electronic state.
A.class of proteins which has recently come into the fore are the
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high potential iron proteins, H.P.I.P.fs, of which that isolated from the 
bacterium Chromatium has been best characterized'^. They all have 
positive potentials, up to +0.7 V. The protein isolated from Chromatium 
has a molecular weight of about 80,000, containing four atoms of iron, 
four atoms of labile sulphur and four cysteine residues arranged in a 
tetrahedral array.
There are many non-haem iron proteins which are not based on an 
iron-sulphur system, but rather on oxygen-containing ligands, for example 
siderochromes, and ligands containing both nitrogen and oxygen atoms, 
such as mycobactins. The siderochromes are functional in the transport 
of iron in micro-organisms. They comprise all members of the ferrichrome 
series, which are cyclohexapeptides, containing a tripeptide sequence of 
N^-acyl-N^ -hydroxyomithine, as well as the ferrioxamines, containing 
alternating units of succinic acid and 1-amino-LO-hydroxyaminoalkane. 
Mycobactins are, again, involved in the microbial transport of iron.
Both mycobactins and the related class of compounds known as ferrichromes, 
involve the coordination of bidentate hydroxamate groups (XI).
'? i?
/ H ° \
R Cxi) ri
Mycobactins (XII) differ from ferrichromes (XIIl) in that in their 
structure only two hydroxamate groups are coordinated to the iron, the 
fifth and sixth coordination positions being taken up with a phenolic 
hydroxyl group and a nitrogen in an ozazoline ring. X^ray study of the 
mycobactins indicate that the trivalent iron lies in a V-shaped cleft 
which is splayed open. The distortion of the structure from regular 
octahedral coordination indicates a route for the uptake and release of 
iron.
This brief outline of the more important iron compounds present in
biological systeras indicates the importance of iron, both in haem and as
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non-haem proteins. A deeper, more detailed account of the biological 
function and mechanism of individual compounds, indicating the change of 
structure between species, can be obtained from references 132, 133» 142.
1.6 Metal Nitrosyls
1.6.1 Nitric Oxide
Nitric oxide is an unusual diatomic molecule since in the gas phase
it exists as a free radical. It is paramagnetic and has a molecular
orbital configuration of ( tf~ls)2(o" ls)2(<f 2s)2( d 2s)2 {($ 2px )2
(7f2p =7f2p ) (5v 2p =7t 2p ) . The unpaired electron, being in an y z y z
+
anti-bonding orbital, can be removed with relative ease, to give NO ,
the nitrosyl ion, which is isoelectronic with Ng and CO. The first
143ionization potential of the nitric oxide molecule is 9*5 ©V • The
removal of the electron from the anti-bonding orbital increases the bond
order from 2.5 to 3> with an increase in bond dissociation energy from
6.49 ©V to 11.6 eV^^, the latter value being comparable with the
dissociation energy of carbon monoxide, 11.1 eV. This also gives rise
-1 (145)to an increase in the N-0 stretching frequency from 1875 cm ia NCr 1
to 2220 cm ^ in various nitrosonium salts'^.
The compounds produced by the reaction between nitric oxide and
sodium, potassium or barium, which were originally formulated'*'^ as
+ —anionic nitrosyls, e.g. Na NO , are now thought to contain the
2-(l48)
hyponitrite ion N202 .
1.6.2 Metal Nitrosyls
149 150 151-154The structure , bonding and reactivity of metal
nitrosyls have been provocative subjects for many years, and several
reviews have been published on the subject.
155Sidgwick initially classified metal nitrosyls as derivatives of 
+ —NO and NO , This has been extended, using valence bond theory, to
-donor ligand. An outline of these bonding types is shown below:
(a) Donation of two electrons from neutral nitric oxide to give a 
paramagnetic complex irrespective of the electronic configuration 
of the metal ion.
,  4
M N*0
(b) Donation of one electron from nitric oxide to a metal results 
in the formation of N0+. The nitrogen atom of nitric oxide is 
sp-hybridised so that subsequent donation of an electron-pair 
to the metal results in the formation of an M-N-0 bond angle 
of 180°.
+
M <--.. &=0 ^---» M=N=0
(c) Transfer of an electron from the metal to nitric oxide to
give NO" which then acts as a normal ligand, donating a pair of
electrons to the metal ion. In this case the nitrogen atom is 
2sp -hybridised so that in such a complex, the M-N-0 bond angle 
is 120°.
155Coordination ‘by NO ?«ras proposed  ^as analogous to that by the
halide ions, and similar, structurally, to organic nitroso
156 157compounds. Ibers and Hodgson s , however, reported the 
first nitrosyl complex containing a "bent11 nitrosyl group.
(d) The n3.tric • oxide group is not bonded to the metal in an "end on" 
position with a M-N-0 bond angle of 180°, but is bonded through 
the TT -electron density. The geometry of the M-(NO) bond is 
not well defined.
NsO
I
M
(e) Nitric oxide has also been found to act as a bridging ligand"1^ .
>N=0
■ M .
In the common types of metal-nitrosyl bonding, b and c, the coordinate
bond involves both (f and 'PC bonds. The cT.bond forms from overlap of an
sp orbital of the nitrogen with a suitable metal orbital, and formation of
dTt* - p^Tbond involving the back donation of electrons from filled metal
tg orbitals to empty antibonding p ^  orbitals of the nitric oxide. In
linear nitrosyls of type b, in which the nitric oxide can be considered
as having a formal positive charge, the extent of back-bonding to form a
dTT - pTf bond should be stronger than the analogous effect in metal
carbonyls. In bent nitrosyls, type c, there is ligand-to-metal donation of
the p?f - dTT type from a 'PC nitric oxide molecular orbital to suitable
159empty metal d-orbitals •
Since nitrosyls have been shown to be highly covalent entities,
attempts to correlate structure, physical properties and reactivity of
nitrosyl complexes with the formal oxidation state of the nitrosyl group
150have not been completely successful. A recent work  ^ has attempted to 
describe the bonding of metal nitrosyls in terms of the molecular orbital 
correlation method.
In this method the M O  group is considered as an inorganic 
functional group which is perturbed by the field imposed by the other 
ligands attached to the metal. Unlike an organic functional group, the 
M O  group has several possible ground states, although the majority of 
nitrosyl complexes take up one of two ground states •• either linear or 
bent - dictated by four factors: (l) coordination numbers, (2) coordination
geometry, (3) the number of electrons on the metal ion, and (4) the nature 
of the molecular orbitals occupied by only single electrons.
Pig. (6) shows the molecular orbital diagram set up from the 
interaction of the nitric oxide in the linear bonding mode with a 
transition metal ion. The maximum symmetry of this type of complex is
The "bending’1 of the MNO group, has the effect of reducing the
symmetry from C^. to Cg. The change produced in the molecular orbitals
is illustrated in Pig. (7)- The order of the levels in this diagram is
based on experimental observations^^ and not solely on the symmetry of
l60 162the molecular orbitals ’ . The ultimate geometry of the MNO group
is dependent, however, not only on the total number of electrons but also 
upon the nature of the highest occupied molecular orbital.
In mononitrosyl complexes the MNO group is linear unless the 1T -type 
orbital which is antibonding with respect to M, N and 0 is occupied; 
the 3© level in the case of octahedral complexes. Therefore, if n, the 
number of d-electrons in a given complex, is defined as the number of 
d-electrons on the metal when the nitrosyl ligand is formally considered 
as N =0+, all coordinate nitrosyls are linear when n ^ 6  and bent 
when n^,7.
Complexes containing more than one nitrosyl group can be treated in 
a similar manner, considering the functional group as M(N0)x, which is 
then perturbed by the ligand environment. The analysis is complicated 
by several factors. Primarily, the 0-N-M-N-0 group can have a variety 
of non-linear positions whereas M-N-0 has only one variable angle.
This is overcome by considering the N-M-N angle as more important than 
the M-NO bond angles. There is a lack of structural and spectroscopic 
data for poly-nitrosyls, which makes correlation of molecular orbital 
diagrams difficult.
Relatively few octahedral dinitrosyl complexes are known, and all
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have a formal d electronic configuration* Of those that have been
163-165
structurally characterised all have a cis nitrosyl configuration.
Two of the complexes (h^-C^H^)Cr(NO)2Cl and (h^-C^H^)Cr(N0)2(NC0), in 
which the cyclopentadienyl ring is considered as a tridentate ligand, 
may be considered as having the cis geometry imposed on the complex by 
the nature of the ligands* The technique which is used extensively in 
the investigation of nitrosyl complexes is that of infra-red spectroscopy. 
It was first used extensively by Lewis and Wilkinson ’ ' who reported
that nitrosyl complexes absorbed in the range 1045 cm"'*' to 1980 cm”1, 
but in the majority of derivatives, the frequency falls in the range
1580 to 1980 cm \  and a type b structure was assigned.
168 +It has been suggested that since ionic NO is isoelectronic with
molecular nitrogen, which has a stretching frequency of 2331 cm \
„  -1
nitrosyls with a ^ m  the region 1700 to 1900 cm may be regarded
+ —
as containing NO • The NO ion, however, is isoelectronic with molecular 
oxygen, y 0. 0 - 1555 cm”'*', and so nitrosyls with q in the region
1500 to 1700 cm~^ can be considered as containing an NO* group.
It might be expected that since the electronic structure of both the 
NO and NO species relies on a formal assignment of charge, there should 
be correlation between the M-N-0 bond angle, which is a measure of the 
hybridization, and the infra-red stretching frequency. There does not 
appear to be any such correlation^^’ and neither is the frequency 
related to the metal-nitrogen bond length.
1*6*2 Iron Nitrosyls
Iron tetranitrosyl, Fe(NO)^, an unstable black crystalline solid,
can be prepared by heating iron pentacarbonyl with nitric oxide under 
183pressure . The infra-red spectrum shows two N-0 stretching frequencies
. + -1 
m  the NO region and one at 1140 cm , which has been assigned to NO .
The structure is thought to be tetrahedral with three nitric oxide groups 
coordinated as NO and one as NO •
Two classes of iron nit.ro3yl halides are known. Compounds of the 
series Fe(NO)^X (X=C1, Br and I), have been shown to be monomeric, 
diamagnetic and unstable. Dinitrosy1 halide compounds of the type 
|Fe(N0)2Xj2> (X = Cl, Br and I), however, are dimeric, stable and 
diamagnetic, the odd electrons on the metal atoms forming a Fe-Fe bond.
- Many complexes of the general series Fe^O^XL (X = Cl, Br and I;
L = phosphine or related ligand) a.r«e. k*vou>i\.
Related to the nitrosyl halides sire some sulphur-containing iron 
nitrosyls, the best known being Roussin red and black salt. These are 
discussed in a previous section.
Not all iron nitrosyls have a tetrahedral or pseudo-tetrahedral 
structure. Mononitrosyls of iron in particular, form six coordinated 
species.
One of the earliest known nitrosyls of iron is the species 
(Fe^gO^NoJ^* formed from the direct reaction of ferrous salts in 
aqueous solution with nitric oxide. ,
{Pe(H20)63 2+ + HO V - -- ||e(H20)5Hq]2+ + H20
The reaction is reversible and the product is unstable. Several salts
containing the iron pentaaquanitrosyl cation have been prepared , and
infra-red and magnetic susceptibility measurements suggest a formal
structure of Fe(l)N0+.
Mossbauer s t u d i e s o f  the lfe(H20)rHq]2+ species have been
7interpreted in terms of a high spin d , Fe(l) complex with an outer
4 X -L 1electronic configuration (d„ ) (d ) (d 2) (d 2 2) . It was also' xz,yz xy ' z 7 x x -y 7
suggested that the complex could be formulated as Fe(ll)N0# with a weak 
antiferromagnetic coupling between the S=2 state of Fe(ll) and the
state of nitric oxide.
w\
Attention has shifted in recent years to the interaction of nitric
oxide with iron compounds of biological significance. The biological
implications of these compounds have been reported by several authors.
136Dobry-Dulcaux has shown that the Roussin black salt effectively
inhibits the enzyme alcohol dehydrogenase, and other enzymes, at very
- 7
low concentrations - approximately 10 M.
The importance of nitric oxide coordinated to iron in myoglobin to 
form nitrosomyoglobin, the red pigment in meat products has been outlined
before. Nitric oxide gas is also known to coordinate to ferricytochrome
187 138c to form nitric oxideferricytochrome c . There has been a suggestion
that nitrite may interact with the cytochrome oxidase system
(cytochromes a and a^) to form a nitric oxide derivative. There is
E.S.R. evidence of the participation of cytochromes of the c type in the
189reduction of nitrite to nitric oxide .
It has been shown that iron-nitrosyl complexes are involved in 
certain carcinogenetic processes. Several workers have used E.S.R. to 
study the metabolism in mice injected with sodium nitrite solution.
Death resulted from methaemoglobinaemia although there, is evidence that 
the nitrite reacts not ‘only with the haemoglobin, but also with other 
haem containing proteins and possibly non-haem proteins. There is a 
similarity between the E.S.R. spectra observed in the case of 
methaemoglobinaemia and those of animal tissue under certain kinds of 
carcinogenisis.
The same technique has been widely used to investigate the
paramagnetic species formed by the reaction of nitric oxide and ferrous
salts in aqueous solution with a range of coordinating species.
192MacDonald et al. proposed on the basis of the hyperfine splitting 
that the product of the reaction of cysteine with ferrous sulphate and 
nitric. oxide'had a structures-
The iron is considered as having a formal oxidation state of +1.
When cysteine was replaced by cystine, a broad, poorly resolved 
spectrum resulted, and it was concluded that the iron nitrosyl complexes 
were different*
193Woolum et al. studied ferrous nitrosyl complexes with amino 
acids, peptides and a variety of proteins in aqueous solution using 
E.S.R. They reported that all CX-amino acids, with the exception of 
histidine and cysteine, showed similar spectra and, from the hyperfine 
splitting, concluded that these complexes were of the types
H
ON tf,N - l-R
> <  I
ON \ 0  - C=0
194 'Vanin showed direct reaction of nitric oxide and ferrous ions
with cysteyl groups of actinomyosin, to give a complex which remains 
tightly bound to the protein matrix. He showed, by E.S.R., that the 
complex was of a similar nature to that produced by MacDonald with 
free cysteine.
195Burlamacchi et al* have extensively reviewed and researched the 
use of E.S.R. in the study of iron nitrosyl complexes with both simple 
organic and inorganic ligands and biologically important ligands.
Using the technique they have been able to distinguish four types
of paramagnetic iron nitrosyl complex. These can be represented by the
following general simplified formulae:- 
*
Fe(NO)L5 Fe(NO)L2 Fe(N0)2L2 Fe(lTO)2L
The ligands, L, are monodentate in structures I and III and bidentate 
in structures II and IV. Table 3 summarizes .the E.P.R, parameters of 
the four classes of iron-nitrosy1 complex.
'I
Proteins can give rise to at least two different E.P.R. signals, 
depending on whether the protein is rich or poor in sulphydryl groups.
The structures of the various iron nitrosyls may be summarised as:~
(1) Sulphydryl-containing amino acids (e.g. cysteine) give structures 
- II §nd III;
(2) sulphide-containing amino acids (cystine) give structure IV;
(3) imidazole-containing amino acids (histidine) give structure III;
(4) tx-amino acids (containing only -NH2 and -C00H) give structure IV;
(5) /^ -arnino acids (containing only -RHg and -COOH) give no E.S.R. spectra
The work does not take into account any effect on the structure of a
change in temperature or, more importantly, a change in pH.
The presence in a complex of more than one nitrogen atom does not 
allow completely unambiguous interpretation of the E.P.R. spectrum.
The same E.P.R. spectrum may arise from the following different situations
(i) one nitrogen (ligand) and two equivalent nitrogens, (nitrosyl group);
(ii) two equivalent nitrogens (ligands) and two equivalent nitrogens 
(nitrosyl); (iii) two nitrogens with different coupling constants (ligand) 
and two equivalent nitrogens (nitrosyl).
A further complication which arises in the use of the technique is
due to the simultaneous presence of different complexes under slow
exchange conditions. The result of this is the summation of several
different EPR spectra.
These difficulties can be overcome by the use of isotopically 
15substituted ^NO, which affects the EPR according to the different value
of the nuclear spin (115^ ~ it ^14$ = by computer simulation of
15 13 1and N spedtra, and C and H F.T.-NMR spectra of the ligands.
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This has been used successfully by Martini et al.‘fcyv' in the study 
of iron nitrosyl complexes of carbazides and diamino-acids, and other 
multifunctional organic ligands. The effect of pH was taken into account 
with some ligands. Asparagine, glutamine and lysine in the pH range 
- 5-7*5 displayed similar EPR rsults indicating a type IV structure. 
Sarcosine, CH^-NH-CHp-COOH, behaves in an identical manner, the -NH- 
group behaving as an amino group. Creatine, HpN-^Mj-^CH^-CHp-COOH, 
however, gives a completely different spectrum, suggesting that the 
nitrogen atoms take no part in the binding and that the complex contains 
creatine coordinated solely through the carboxylic acid group.
The ESR studies are carried out in solution, the nitrosyl iron 
complexes being prepared in situ using either nitric oxide or sodium 
nitrite. In no case has any attempt been made to prepare or isolate the 
solid complex.
197Hieber and Fuhrling have reported the preparation of solid 
dinitrosyl iron complexes of certain amino acids and aldoximes. They 
prepared them from |Fe(U0)2 
amino acid in THF-methanol. In all cases, a type IV structure, containing 
a five-membered chelate ring is suggested. The infra-red spectra of the 
complexes all show two bands for the HO stretching frequency, both in 
the region 1700-1750 cm~\ There is no attempt to propose a binding 
mode for the nitrosyl groups. The analytical data for certain of the 
complexes indicate that the complexes could be formulated as [je^O^HAjjp 
(HA = undissociated amino acid)/- All the complexes are paramagnetic 
(/t- IBM) with the exception of the sodium salt of the glycine-iron-
dinitrosyl complex which is diamagnetic.
198Tomita et a_l. reported the preparation of an iron-cysteine- 
dinitrosyl, Fe^O^Cy-Hjg^HgO in which the nitric oxide was bound 
irreversibly. Under thermal decomposition, the complex lost nitric
Brjp, by reaction with the sodium salt of the
oxide to yield ferrous ions and cystine. Re-reaction with nitric oxide, 
however, did not produce the original complex but only pentaquo- 
mononitrosyl iron(ll).
1.7 Metal Amino Acid Complexes
Metal complexes of amino acids and related biologically important
ligands have been of interest to both chemist and biochemist since the
201mid-nineteenth century when Wiedemann obtained a crystalline but impure 
product from the reaction of copper(II) salts with biuret in alkaline 
solution.
Since then the interaction between metals and amino ^ acids and peptides 
has become of considerable importance as a model for metal-protein systems, 
and as a model for other biological systems in which the protein properties 
are altered by metal ions.
Before considering the types of complex produced between amino acids 
and metal ions, particularly with reference to the functional groups ; 
involved, it is necessary to consider several important respects in which 
the interaction between metals and proteins may differ from metal-amino 
acid binding.
Firstly, functional groups which may be widely separated in a protein
chain may both be able to bind to the same metal ion because of the effect
of the tertiary structure of the protein. It is difficult to reproduce
this type of interaction in small systems. A subsidiary effect of this
is that whereas in a protein system each group binds independently of
others, in amino acids and small peptides, in which the functional groups
are close together, it is often thermodynamically favourable for the
ligand to act as a chelate, the formation of a five or six membered ring
stabilizing the complex,•
Secondly, there is evidence that the active site of metal-protein 
*
complexes- frequently lie in "pockets” in the protein structure, lined
with non-polar amino-acid side chains. Metal binding at sites can be 
considered as taking place in what is effectively a non-aqueous solution, 
whose dielectric constant must vary considerably from that of an aqueous 
electrolyte solution.
Much of the information concerning metal-amino acid complexes is 
obtained from crystallographic measurements. Such crystal structures 
cannot totally reflect the structures of the complex present in aqueous 
solution.
The participation of a particular functional group in metal-binding
is dependent on tv/o factors. Firstly, there is the competition of the
functional group, in the presence of others in the vicinity, for the
metal ion. Secondly, there is the competition of the metal ion for the
potential donor atoms, against protons. To some extent the competition of
the functional groups for the metal ion is determined by the pK of thea
group; the lower the pK , the greater the availability of the donora
atoms for the formation of a metal-ligand bond. This is not a complete
measure of functional group affinity since no account is taken of! the
enthalpy changes accompanying complex formation, or the favourable entropy
effect of chelate formation.
Table (4) summarises the common amino acids present in protein,
indicating where possible the acid dissociation constant of each
functional group. Amino acids containing functional groups in excess of
one amino and one carboxylic acid group have an additional pK for eacha
functional group and often assignment of this is difficult if the pK8,
is close to that of the pK of the acid or amino group. This is furthera
complicated when di-, tri-, and poly-peptides are studied.
The pK values shown in table (4) are derived from the zwitterionic a
form of the acid.
Amino Acid pK
(COOH)
PK+ 
(NH3 )
Glycine. HGly 2.34 9.60
n h 2c h 2c o o h
Phenylglycine HPhgly 2.35 9.62
c6h3c h (k h2)cooh
Alanine HAla 2.34 9*69
CH,CH(NHo)C00H 
3 2
Phenylalanine HPhe 1.83 9«13
C,HeCHoCH(NHo)C00H bp 2 2
Leucine
(CH_)nCHCH(NEL )COOH HLeu 2.36 9*60
3 2 - 2
Glycylglycine HGlygly 3«12 8.17
NH2CH2CONHCH2COOH „■ ■ ■
Tryptophan HTry 2.38 9*39
CgH6NCH2CH(NH2 )COOH
Histidine 1*76 8.97
C^H_N_CHoCH(NHo)C00H HHis 3*97
3 3 2 2 2
Serine HSer 2.21 9*13
h o ch2c h (n h2)cooh
Glutamic Acid HGlu 2.19 9*67
h o o c (c h p ^ h (n h2)cooh 4*23
Glutamine HGlu-NHp 2.17 9*13
h2n c o (ch2)2c h (n h2)cooh
Aspartic Acid HAsp 1.88 9*60
hoocch2ch(mh2)cooii 3*63
Cysteine HCys 1.71 8.33
hsch2ch(nh2)cooh 10.78
S-MethylCysteine* HMcys _ '
CH-,SCH0CH (NH0 ) COOII p d d
CystiftSO HCyscys 1.00 8.02
(h o o c (n h2)chch2s~)2 2.10 8.71
Methionine HMet 2.28 9.21
CH^S(CH2 )2CH(NH2)COOH
Proline HPro 1.99 10.60
C^NHCCOOH)
Hydroxyproline HHypro 1.92 9.73
OH) (COOII)
(Imidazole)
(?)
(?)
t HorxAboak. sfrtj a*iA Pkysic.i/ 5?* EJi.fon,
PKn PK2
R-CH-COOH R-CH-COO“ = ~ :^  R-CH-COCf
+l +l I
' NH, NH, HH0
5 11? 2
R-CH-COOH
I
NH2
In the text the standard abbreviations for the amino acids may be used 
in places, and in these cases HL refers to the zwitterion form e.g.
HGly = +NH^CH2COO".
The two most important functional groups when considering amino 
acids are the amino group and the carboxylic acid group.
Despite the high pK value (^9) of the amino group, binding through
cl
the nitrogen atom is favourable because of three factors. These are the 
strong basic character of the nitrogen atom, its relatively strong ligand 
field effect and the fact that a chelate-forming oxygen atom, either from 
a carboxyl or a peptide group, is close to it. In certain cases, however, 
amino acids are known to coordinate solely through the nitrogen atom.
This occurs where the metal ion is such, as in Pt(ll), that the crystal 
field stabilisation energy produced by a nitrogen donor is very large.
The carboxyl group can also coordinate a metal ion without chelation. 
This might be expected to occur Yfith amino acids at pH values at which 
they are in the zwitterionic form. The probability of metal carboxyl 
binding under these conditions is highest for metal ions which are 
unaffected by crystal field stabilisation energy.
There are five types of metal-carboxyl interaction which can be 
distinguished in crystal structures of amino acid and peptide complexes 
(Pig. 8).
Pig. 8
In (a) a single metal ion is bound to one oxygen atom. In (b) the 
’’free” oxygen atom bonds, less strongly, to a second metal atom. In 
type (c) the carboxyl group binds to two metal atoms equally, providing 
a symmetrical bridge between them. In types (d) and (e) the carboxyl 
group itself acts as a bidentate ligand, forming either an asymmetric 
ring (d) or a symmetric ring (e).
The coordination of both carboxyl group and -amino group, in 
<x -amino acids, to a metal ion gives rise to a stable 5“me^hered chelate 
ring. This type of interaction occurs frequently in c*.-amino acid 
complexes, and gives a great amount of thermo-dynamic stability to the 
complex. -Amino acids form complexes containing 6-membered chelate 
rings which, unless there are additional resonance effects, are less 
thermodynamically stable than the -analogues.
Other functional groups of importance are peptide nitrogen and 
carbonyl groups, present in all peptides; additional carboxylic acid 
groups, present in glutamic acid and aspartic acid; and amino groups, 
present in lysine and arginine; hydroxyl groups, as in serine; 
heterocyclic nitrogen atoms, as in tryptophan, histidine, proline and 
hydroxyproline; and sulphur-containing groups as in cysteine, methionine 
and cystine.
Of all the biologically important metal ions to be studied, iron, 
particularly in the ferrous state, has received only limited attention. 
This is undoubtedly due to the extremely unstable nature of the ferrous
products.
There are some early references ? to so-called ferrous salts of
amino acids, all prepared in the air as light brown solids, which have 
been patented as possible remedies for anaemia. No analytical data are 
recorded for these compounds but they are reported, with glutamic acid
ferric amino acid complexes. These were prepared as red-brown, water
soluble, crystalline products from the reaction of the amino acid in
0.1 M sodium hydroxide with ferric chloride in water. The precipitate
was recrystallized from methanol. In all cases the product analyses as
a hydroxo-complex with one or two amino acids per complex, usually
hydrated. Complexes are reported as prepared from leucine, valine,
methionine, V-ethyl glutamate, phenylalanine and tryptophan.
215 2l6Several other workers also report the preparation of
ferric-methionine complexes, containing either one or two amino acid
molecules per complex.
217De Vore et al. report the preparation of a crystalline ferrous 
glycine complex with the empirical formula Fe(GlyH)^. * (ClO^^.^HgO, 
which was prepared under reducing conditions. Crystallographic studies 
indicated that the structure contains dimeric units of the type:
It is not clear whether X is a water molecule or an oxygen molecule. 
Magnetic investigations show strong anti-ferromagnetic behaviour. There 
is no suggestion as to whether the glycine is N or 0 bonded, although a 
similar crystalline ferrous-glycine complex prepared in concentrated
glycine reported to be coordinated as the zwitterion through the carboxyl
aspartic acid, as hydrated mommino acid complexes of iron
Bielig and Bayer^^ report the preparation of a wide range of
X'
ft
sulphuric acid , with the empirical formula Fe(GlyH)S0^.5H20, contains
group. This complex is more correctly described by the formula 
[Fe(°H2)63  0'e(G1yH)2 (OHg) *^"] (SO^  )g. Crystallographic study shows that 
the complex cation |^ Fe(GlyH)2(OHp)^“"j contains trans-glycine ligands.
/ H ]
Vx
H
o— flH k
CH2 0 -----^Fe----- 0 V j3Hr
JL H-0 ^  o y'
3 h / \  < /
H H ^
Iron(ll) complexes of sulphur-containing amino acids have received
219the greatest attention. In 1909, Mathews and Walker J noted that the
spontaneous oxidation of cysteine to cystine was enormously accelerated
by the addition of a small amount of an iron salt. Since then much work
has been carried out in an attempt to characterise the species present
223in the system. Michaelis suggested the following reaction scheme :
Fe^^(Cysteine)^ -----   ^ Fe^^^(Cysteine)^
jAutoreduction
Cystine + Fe ^ ^  ^ (Cys t eine) ^ ., Fe^'^(Cysteine-Cystine)
t
220Mathur et al. have synthesised Fe(Cyst)^ and Fe(Cyst).2H20,
the first being prepared both in air and anaerobically. It was not
found possible to prepare a ferrous complex containing three cysteine
molecules. The aerobic product of the Fe(Cyst)^ gave a Mossbauer 
spectrum indicating the presence of both ferrous and ferric ions whereas
that of the anaerobic product proved to be solely divalent iron.
221Schubert noted that on oxidation of bis(cysteinato) iron(ll)
in alkaline medium a violet colouration was produced. On further 
222investigation this has been shown to be composed of a blue complex, 
present in acid solution, and a red complex in neutral or alkaline 
solution. The blue complex and the red complex were thought to have 
metal : ligand ratios of 1:1 and 1:2 respectively.
The m a m  difiiculty m  the investigation 01 this system is that
the complexes in solution are very labile, Tomita and his co-workers
overcame this difficulty by freezing the solutions to -78°C, The
complexes thus formed were found to depend on pH, solvent and temperature.
The blue complex is thought to have the structures
2+
,S CH,
It was suggested that 7/ater is also coordinated since the complex will 
not form in its absence. Analysis of the violet complex indicated a 
metals ligand and ratio of ls3, and infra-red spectra suggests -S” and 
-COO chelation
'H1 CH,
Fei
The red complex was thought to be [je(0H)(Cyst)2] 'involving -S~ and 
-COO” bonding.
A ‘green complex is also reported which it is suggested is a tris 
cysteine complex involving -NH^ and -S bonding, with the -COO” 
groups free.
224Schubert described an iron complex containing cysteine and carbon 
monoxide as ligands, with a metalscysteinescarbon monoxide ratio of Is2s2. 
This complex was diamagnetic, whereas [j1eII(Cyst)2J  had a magnetic moment 
of 4*74 B.M. ’
225Murray and Newman  ^report the preparation of a range of lsl and 
ls2 ferrous complexes of cysteine, methionine, S-methyl cysteine and 
thioglycollic acid. All preparations were carried out in anaerobic
conditions. Infra-red, ultraviolet and magnetic investigations indicate 
that the complexes are all polymeric. Infra-red spectra suggest that 
the lsl ferrous cysteine complex, Fe(Cyst).(HgO)^ is bonded through 
S, N and 0; the 1:2 complex, Na2Fe(Cyst)2.H20, is bonded through S and N; 
the S-methyl cysteine complex, Fe(MCyst)2. (H20)q bonded through S and IT, 
and the methionine complex, Fe(Met)2.H20 is bonded through the nitrogen 
atom and the carboxyl group acting as a bidentate ligand.
226There have also been brief reports of ferrous cystine and ferrous 
227
glutathione complexes although as the cystine complex was prepared in 
air and the glutathione complex is said to be red brown, an unusual 
colour for a ferrous complex, the complexes are not well established.
A practical use was first suggested for iron amino acid compounds
when it was shown that the product of cysteine and ferric ammonium
228sulphate had antimicrobial action • The activity was thought to be due 
to colloidal sulphur. Another pharmaceutical use of this type of 
compound is illustrated by bis(acetaldehyde)bis(cysteinato) iron(ll), 
which has been suggested as a remedy for anaemia.
More recently emphasis on this type of complex has shifted towards 
the investigation of the iron binding sites in the iron-sulphur proteins. 
Holm et al.22  ^have synthesised a range of models for iron-sulphur 
protein binding sites, containing both inorganic sulphide groups and 
organic sulphide ligands.
Anglin and Davison2^0 have reported the preparation of iron(ll) 
and cobalt(II) complexes of the dodecapeptide Boc-(Gly~L-Cys-Gly)^-NH2«
It is thought that the binding of the four cysteyl residues produces a 
tetrahedral sulphur arrangement about the iron centre, analogous to 
that in rubredoxin.
CHAPTER II 
EXPERIMENTAL TECHNIQUES
2. Experimental Techniques.
2.1 Preparative Methods
f
Iron(l|) compounds are extremely sensitive to atmospheric oxidation,
particularly in solution. For this reason, all preparations in this study
were carried out using vacuum line techniques and apparatus similar to that 
171described by King . The vacuum line design used is outlined in Fig. 9
172
and is similar to that described by Larkworthy .
All solvents used in the preparations were deoxygenated either by 
prolonged flushing with oxygen-free nitrogen or, by repeated freezing, 
evacuation and subsequent thawing.
Commercial oxygen-free nitrogen was used after removal of traces of 
oxygen by passing the gas through a glass column containing B.T.S. catalyst 
(supplied by B.A.S.F, Co. Ltd.). This catalyst is essentially finely 
divided copper oxide deposited on an inert support. It is activated by 
heating to 140°-l60°C in a stream of hydrogen; this reduces the copper, 
the water produced draining out of the system.
The apparatus, Fig. 9> allows the purified nitrogen either to enter by 
closing tap (2) and opening tap (l), or to escape into'the atmosphere by 
closing tap (l) and opening tap (2), while the apparatus beyond tap (l) was 
being evacuated.
There are two positions on the apparatus to which reaction vessels can 
be attached: A, which is used in conjunction with the trap assembly, and B,
which allows reaction'f lasks to be connected via a flexible tube for easy 
manipulation.
Solid, air-sensitive precipitates are isolated using the apparatus 
shown in Fig.10. The reaction vessel is attached to the line at position A 
and the filter flask attached, via a rubber hose, at B. After the entire 
apparatus has been evacuated, and flushed with nitrogen three times, a
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opened to allow the suspension of complex to pass down the hollow plunger 
made from a glass syringe, which is vacuum tight when greased. The complex 
collects on the filter pad. This can be washed with solvents from trap (l) 
and then dried, under vacuum. The dry solid can then be broken up by 
rotating the plunger paddle. The powdered solid can then be shaken in the 
"pig”, P, and packed into glass tubes which can be sealed off under vacuum.
2*1.1 Ferrous-amino Acid Complexes
In the initial stages of the research several techniques were used in 
attempts to produce ferrous-amino acid complexes. The first involved 
mixing aqueous solutions of ferrous salts and the amino acid followed by 
evaporation of the solution until crystallisation occurred. This proved 
unsuccessful because the low vapour pressure of water meant that during 
the long time required for evaporation, some oxidation took place.
No further work was done on perfecting this technique, as a more suitable 
method of preparation was found.
More success was obtained by first precipitating ferrous hydroxide 
from aqueous solutions of ferrous sulphate and sodium hydroxide. The pale 
green precipitate yras filtered off, v/ashed, and then directly reacted with 
an aquedus solution of the amino acid. One complex was successfully 
synthesised by this method but in general it proved impractical owing to 
the extreme difficulty in obtaining pure ferrous hydroxide. This is prepared 
as a very fin precipitate, which tends to block the filter unit'.
The method which was finally adopted as the standard method is a
173modification of one reported by Quagliano et al. .
In this, an alcoholic solution of ferrous chloride is mixed with an 
aqueous solution of the lithium salt of the amino acid (prepared from 
equimolar quantities of the amino acid and lithium hydroxide). The 
resulting solution is approximately 50/o ethanol-water, in which lithium.
CtlioriCl6 IS 3UXIlC16IlXiy SOJLUum au tto iiuc uu uc jjicocim cio cui* iuiyu* j.vj 
in the precipitated complex.
2.1.2 Nitrosyl Preparationrj
The apparatus used for the reaction of the ferrous-amino acid complexes
i 174
with nitric oxide is outlined in Pig. 11 . In the early part of the work
the apparatus was used as shown, nitric oxide being generated from the
reaction between an aqueous solution of iron(ll) sulphate heptahydrate
(463 g/l) in 0.5 M sulphuric acid and an aqueous solution of 1 M sodium
nitrite, to produce a large "brown ring”. Thermal decomposition of this
gave nitric oxide which was purified as shown. \
In later work the nitric oxide generator was replaced by a commercial 
gas cylinder (supplied by B.D.H. Gas Division) and the purification stages 
simplified to a large I.M.S./solid carbon dioxide trap. Infra-red 
analysis of the reaction gases showed that both the nitric oxide from the 
cylinder and that from the decomposition of the "brown ring” contained very 
little impurity, mainly nitrous oxide with some nitrogen dioxide, although 
no quantitative value could be put on this.
Reactions with nitric oxide were carried out by attaching a three- 
tapped apparatus, containing the reacting solution or a suspension of a 
complex^ and a magnetic follower, at point G. The entire apparatus was 
evacuated and/flushed with nitrogen, the gas burette being filled with 
mercury first. The reaction vessel was evacuated and then isolated from 
the rest of the line,'which was filled with nitric oxide. The gas burette 
was then filled, and the volume of gas measured at atmospheric pressure by 
adjusting the mercury level in the narrow U-tube, by raising or lowering 
the reservoir. The reaction flask was then opened to the line and the 
pressure quickly equalised by filling with nitric oxide. The burette was
then opened to the reaction flask and the magnetic stirrer turned on.
*
The reaction was allowed to continue until no further uptake of gas
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was recorded. The volume was again measured. At the measurement of the 
initial and final volumes it was necessary to measure the atmospheric 
pressure and room temperature in order to accurately measure the volume 
uptake.
After reaction, the flask was removed and the solid product isolated, 
washed and dried as described in section 2.1.1.
2.2 High Temperature Sealed Tube Reactions 
108Van Roon , in his studies of inhibitors in cooked meat products, 
prepared experimental inhibitory solutions by mixing solutions of ferrous 
sulphate, cysteine and sodium nitrite, or ferrous sulphate, sodium sulphide 
and sodium nitrate in Thunberg vessels under vacuum and heating the mixture 
to 90°C for an extended period. This was in an attempt to simulate the 
conditions present in the processing of canned meats.
Roussin black salt is also prepared under similar conditions by the 
heating of ferrous sulphate, sodium sulphide and sodium nitrite at 100°C.
The concentrations of the solutions used by Van Roon were very small 
(0.001M) and as a result no solid products were isolated and no attempt was
made to characterize the species present in solution.
202Mott used a similar technique to investigate the preparation of 
iron-cystine-dinitrosyl at 120°C and 90°C. In place of the Thunberg tubes 
he carried out reactions in Carius tubes. The disadvantage with this method 
was that it did not allow the reaction products to be isolated in an inert 
atmosphere. The products of reaction were ill-defined and did not contain a 
nitrosyl group. This may be due to aerial oxidation when removing tlie 
sample from the tube.
To overcome the problems of the sealed Thunberg tubes and the Carius 
tubes in high temperature studies, specially designed heavily walled glass 
vessels, Fig. 12, with a teflon "Rotaflow" tap, with capacity of 100 mis 
.were used-in conjunction with a Grant’s block test-tube heater. The reaction
; to Three-Tapped Apparatus
100 ml Glass Vessel
Teflon1 Tap
Aluminium Block
Heater Unit
Fig. 12. .Apparatus used for High-Temperature Reactions
vessels could be used in conjunction with the normal three-tapped reaction 
vessels, allowing any solid products to be isolated under a nitrogen 
atmosphere in the usual way. The reacting solutions were buffered to pH 7> 
using a potassium hydrogen phosphate/sodium hydroxide buffer, and pH 5 
using a potassium hydrogen phthalate/sodium hydroxide buffer .
2.J Solution Studies
Although most work involved the isolation of solid products, in some 
cases it was expedient to investigate the properties of some of the 
complexes in solution owing to the cost of the ligands and quantity needed 
to produce a large enough yield of complex. Glutathione, in particular, 
was studied this way.
The subjects of most interest were the magnetic properties and the 
effect on the NMR spectrum of the ligand, of the metal ion. The former 
giving information concerning the electronic structure of the complex, 
and the latter, information about the ligand binding sites.
The solution was prepared in either a three-tapped apparatus which 
had been previously calibrated, or a modified three-tapped arrangement 
designed to fit standard volumetric flasks. The lattefr apparatus was 
particularly useful when high concentrations of small amounts of complex 
were required. In all cases the solution was. made up to a known 
concentration.
Magnetic studies were carried out using the Evan's method (see 2.4).
The solution was transferred to the NMR tube by one of two methods.
(a) The NMR assembly consisted of two co-axial tubes, both closed at one
end. The inner tube was extended to a capillary tube at the closed end,
(see Fig. 13)* The inner tube, which extended beyond the open end of the
outer tube, was sealed with a rubber septum. A ground glass cone, attached
to a standard syringe needle was fixed to the reaction flask at A, and the 
*
NMR assembly affixed to the syringe needle through the septum. The NMR
(concentric tube method)
Three-Tapped Apparatus
o ^ to Vacuum Line
Hypodermic Syringe Needle
Rubber Septum
Inner Tube, containing aqueous solution 
of sample + t-BuOH
_  Outer Tube, containing reference aqueous 
solution of t-BuOli
inner tube could then be evacuated and flushed with nitrogen three times 
and finally evacuated. The reaction flask was then opened to the NMR tube. 
Solution filled the inner tube and the lower capillary section. The 
pressure in the flask was equalised by letting nitrogen into the system.
Any excess solution in the cone and syringe needle was allowed to drain 
into the reaction flask and then tap B was closed. The NMR assembly was 
then removed and the spectrum measured.
(b) In this method the solution was collected in a fine capillary tube, 
attached via a glass cone to the reaction flask, (see Fig. 14). The 
solution in the capillary was frozen using liquid nitrogen and the tube 
sealed under vacuum. The capillary is then placed in a conventional 5 rom* 
NMR tube containing the standard solution (yfo t-BuOH in deoxygenated 
distilled water).
In some cases the solutions were buffered at pH 5 or pH 7 using 
identical buffer systems to those used in the sealed tube experiments.
The effect of counter ions from the buffer system on the magnetic 
susceptibility of the complex was overcome by incorporating an equal 
concentration in the standard solution in the annular'part of the NMR 
assembly.
Magnetic studies were carried out on the reaction solution prior to 
reaction with nitric oxide and also after reaction with nitric oxide.
It was essential that no solid was present in the solution as this destroyed 
the NMR spectrum. In order to ensure that no ferrous complex precipitated 
prior to reaction with nitric oxide, a three-fold excess of ligand was 
also used.
If any solid formed on reaction with nitric oxide, the solution was
filtered on the vacuum line and then used. The iron concentration of the
solution was determined, in this case, using a potassium permanganate 
20l3titration , all the iron having first been reduced to iron(ll) using 
sujghur dioxide.
Fig. 14. Apparatus used for NMR magnetic measurements 
'capillary tube methocO
Three-Tapped Apparatus
Tube sealed 
under vacuum ,
Capillary Tube, containing 
aqueous solution of sample + 
3% t-BuOH
55 mm NMR Tube, containing reference 
aqueous solution of yil t-BuOH  ------
to Vacuum Line
NMR studies of the metal interactions with ligand were carried out 
using a similar technique. Standard aqueous solutions of the ligand were 
made up under nitrogen and then transferred via method (a) above into a 
5 mm NMR tube. The spectrum could then be measured. Small concentrations 
of ferrous ions could then be added to the tube via a hypodermic syringe. 
Buffering the solutions proved difficult as it was necessary to have no 
additional protonic species present in order to simplify interpretation 
of the spectrum.
2,4 Magnetochemistry
Magnetochemistry is used considerably in studies of d transition metal 
complexes. A brief account of the theory is given here. A deeper 
treatment may be found elsewhere^^"'*^.
2.4*1 Magnetic Theory
If a body is placed in a homogeneous magnetic field, H, the field 
within the body is generally different from the free space value. The 
magnetic induction, B, is given by
b = h + A h  ...... (1)
H is the induced part of the field and is related to the intensity of 
magnetization, I, thus
B = H + 41TI  (2)
A more useful quantity than I is the magnetic susceptibility per unit
volume, K, which is related to I by
K = |  (3)
Dividing (2) by H gives
B/H = 1 + 4'3YK  (4)
where B/H is a measure of the magnetic permeability per unit volume.
It is generally more convenient to measure mass rather than volume,
thus the magnetic susceptibility per un.it mass, %  , is
OC ~  * (5.)
where ^  is the density of the material.
For chemical purposes it is convenient to deal in molar terms, the 
molar susceptibility being given by
From equation (2), it can be seen that two types of magnetic behaviour 
are possible depending on the sign of I, If I is positive, the field 
within the body is greater than the homogeneous magnetic field. This is 
known as paramagnetism, which also includes certain special phenomena such 
as ferro- and ferri-magnetism and antiferromagnetism. If I is negative, 
the field within the body is less than the applied homogeneous field.
This effect is known as diamagnetism.
Diamagnetism
Diamagnetism is a property of all matter and arises from the 
interaction of paired electrons with the magnetic field. In classical 
terms, electron pairs can be treated as current loops, in which case 
repulsion from a non-uniform field is a simple consequence of Lenz*s law.
The molar susceptibility of diamagnetic material is negative and small,
-6being of the order -1 to -100 x 10~ cgs/emu. Diamagnetic susceptibilities 
do not depend on field strength, and are normally independent of 
temperature.
Diamagnetic susceptibilities of atoms in molecules are additive, 
within reasonable limits. This is of particular use in estimating the 
diamagnetic susceptibilities of ligands. It is sometimes necessary to 
include in the summation a corrective term to take into account the 
existence of TC-bonds.
Paramagnetism
Paramagnetism is a consequence of the interaction of orbital- 
and/or spin-angular momenta of unpaired electrons with the applied field.
In a molecule, all atoms have a diamagnetic susceptibility, thus a
Molecular weight (6)
measured molar susceptibility contains both a paramagnetic and a 
diamagnetic term. A susceptibility per gram atom which has been corrected 
for the present of a diamagnetic component is defined as f thus
A
*=  (7)A m *—1 L
It is conventional to ignore the diamagnetism of the closed shells of the 
paramagnetic atom.
Normal paramagnetic substances obey Curie fs law which states that 
the paramagnetic susceptibility varies inversely with temperature,
^  = jp •••••* (8)
Langevin accounted for^.Curie^ law theoretically by assuming that 
paramagnetic substances contain atoms which behave as small magnetic 
dipoles of magnetic moment, the dipoles being independent of one another. 
A substance in this state is said to be 1magnetically dilute1. In the 
absence of a magnetic field the dipoles are randomly orientated, but on 
the application of the field, the dipoles line up with the field. This 
alignment is opposed by the thermal motion of the atoms. He deduced that 
the susceptibility is related to the magnetic moment (in Bohr magnetons) 
by the expression
A  - 4 4
 <io)
The quantity /9 is the Bohr magneton:
eh r\ rto-7 -1= 0.927 x 10 erg gauss
4 "TT me
All the other terms, k, N, T, e, h, m, and 0 have their usual meaning.
From equation (9) it can be seen that p r o vidingis independent of 
temperature,^ is inversely proportional to the absolute temperature i.e. 
Curie’s law is obeyed.
Substitution of the fundamental constants, and the experimentally 
determined value o f % ^  at a temperature T into equation (lO) gives a
value for the effective magnetic moment:
/ ^ ff = 2,828 B.M.
In practice deviations from ideal behaviour occur, leading to a 
variation of magnetic moment with temperature. Thus a more general 
expression is given by the Curie-Weiss law:
= T + 0  •^11^
the Weiss constant, is a measure of the departure from ideal behaviour.
It is possible to derive, considering the changes in molecular energy 
levels of an ion in a magnetic field, an expression relating the magnetic 
moment to the spin and orbital quantum numbers of the free ion,
(for d-block elements) thus:
= ■ Qs(S-+l) + L(L + lj]^ B.M.  .(12)
where S is the total spin quantum number, and L is the total orbital 
angular momentum quantum number. In practice it is found that the 
experimental values of obtained for magnetically dilute compounds
often differ greatly from the values predicted by equation (12). It 
appears that the orbital contribution to the magnetic moments is "quenched" 
(i.e. L = 0), reducing equation (12) to the "spin-only" formula:
= [4S(S + l j *  B.M.  (13)
and since S » -J- for one unpaired electron, S = ^, where n is the number 
of unpaired electrons in the atom. Hence, an alternative expression for 
the "spin-only" formula is:
- [n(n + 2)\* B.M.  (14)
The reason for the quenching of the orbital contribution arises from 
the fact that for an electron in a particular orbital to have orbital 
angular momentum about a specified axis, it must be possible, by rotation
orbital which has a vacancy for an electron of the spin concerned. In an
octahedralfor tetrahedral crystal field, the orbitals of t^  symmetry
(d , d ,jd ) are no longer degenerate with the e orbitals 
v xy* xz* yz' ■ . ■ S
(d 2 2 and d 2), as they are in the free ion. Since d 2 2 and d 2v x -y . z '* x -y z
cannot be interconverted by rotation there is no orbital contribution 
associated with this orbital pair. However, the tg orbitals may be 
interconverted by rotation about suitable axes, and so orbital contribution
may be expected, depending on the number of d-electrons. In 0^ symmetry,
1 2 3 
for example d and d will have orbital contribution but d will not
because any attempt at rotation will put two electrons of the same spin
in a single orbital, contrary to the exclusion principle.
In the discussion so far, it has been assumed that all substances are
magnetically isotropic. This is only true of single molecules or single
crystals of the cubic class. All other crystals are magnetically
anisotropic. It is normal to define, when considering single crystals,
three orthogonal principal crystal susceptibilities, %  . 9 C . , aiid >x y z
as the magnetic susceptibilities with the magnetic field in the directions 
of the x, y and z axes, respectively, relative to the crystal.
Measurements on powdered samples yield the average susceptibility;
but the magnetic moment is;
—  I— . 2 ^ 2  s,2
Antiferromagnetism
In certain materials the magnetic centres are close enough so that 
the magnetic dipoles interact with one another i.e. they are not 
magnetically dilute, and are said to exhibit magnetic exchange.
This gives'rise to two possibilities: either the dipoles may align
themselves.in the same direction relative to the applied field, or they 
may align themselves in opposite directions, to give the lowest energy 
for the arrangement. The first arrangement gives rise to ferromagnetism 
and the latter which is more common, to antiferromagnetism.
In systems in which cooperative magnetic alignment takes place, the 
magnetic alignment energy may become comparable to, or greater than the 
thermal energy, kT. Also, the alignment forces on adjacent dipoles may 
become comparable to, or greater than the alignment force exerted by the 
applied field. These facts show up in experimental measurement of the 
phenomena in the form of a complex susceptibility dependence on both 
temperature and applied field strength.
In the case of antiferromagnetic behaviour there is a temperature 
above which the thermal energy is sufficient to start to destroy the 
dipole alignment. Such a temperature is known as the Neel temperature. 
Above this temperature the behaviour approximates to normal paramagnetic, 
and, at temperatures well above it a Curie-Weiss law holds, usually with 
a positive &  value, and the susceptibility is independent of field 
strength.
In the case of ferromagnetic behaviour there is a temperature,
known as the Curie temperature, above which the susceptibility obeys the
Curie-Weiss law, with a negative 6 • As the temperature is lowered from
the Curie temperature, the susceptibility increases more rapidly than
2
expected, being very field dependent (often %  l/H ).
Temperature Independent Paramagnetism
Some substances which are expected to be diamagnetic have a very 
small susceptibility which is independent of temperature, called 
temperature independent paramagnetism (T.I.P.). This arises because of
t
distortion of the electron distribution of an ion by the magnetic field,
such that the description of the ground state is changed to a small extent, 
due to interaction between the ground state and higher states. The 
separation,of the interacting levels is greater than kT, thermal 
population of the upper level does not occur, and the contribution to the 
susceptibility is independent of temperature. Therefore, for T,I.P.
A  - W t p . 1 1
which reduces to
since r p is a constant.X • -L • x •
2.4*2 Experimental methods
Two methods were used to measure magnetic susceptibilities
(a) The Gouy method,
(b) the M R  method.
The Gouy method
If a uniform rod of material is suspended with the lower end in a 
uniform magnetic field of magnitude H and the upper end in a lower field 
of magniture Hq, the material will be pulled down with a force given by 
the expression:
Force = wg = -§A(K - K ^ H 2 - H^)......... ..... (17)
where w is the apparent increase in weight of the sample upon turning 
on the field, g is the gravitational constant, A is the cross-sectional 
area of the material, and K and Kq are the volume susceptibilities of 
the material and the displaced medium (usually air), respectively. KQis 
usually negligible in comparison with K, and can be omitted if the 
measurement is carried out in nitrogen, and if the rod extends above the 
pole pieces a distance greater than eight times the pole gap width, Hq 
is negligible compared to H. Then (17) reduces to:
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K = •Mr2— •  .(16)
W  A
‘I *
The gram susceptibility is obtained by dividing K by the density of
I
the material:
X e =  .(19)
s H m
where L = sample length and m = sample weight. The molar susceptibility
is obtained by multiplying JC by the molecular weight.
8
The susceptibility of solid compounds was measured over the
temperature range 90-300°K. The samples were sealed under vacuum in a
flat-bottomed silica tube of uniform construction, using a silica socket
and ^yrex* cone arrangement.
The construction of the magnetic balance is outlined in Fig. 13 and
210has been described previously . The sample temperature was controlled
by means of a cryostat of similar type to one described by Figgis and
w v, n 2 n  Nyholm
N.M.R. Method
Paramagnetic susceptibilities of transition metal ions in solution
* 212
may be measured using the NMR method, outlined by Evans
This method is based on the principle that the position of a given 
proton resonance in the spectrum of a molecule is dependent on the bulk 
susceptibility of the medium in which the molecule is found. The shift 
of the proton resonance lines of inert reference molecules in solution 
caused by the presence of dissolved paramagnetic substances is given by 
the theoretical expression:
4 s ■ T 1  A k ......(20)
Awhere a  H « shift of frequency,
H = NMR spectrometer operating frequency
I
and ‘A -K = change in volume susceptibility.
For aqueous solutions of paramagnetic substances, 37k of t-butanol 
is added a3 a reference substance, and an aqueous solution of t-butanol
I
of the sami concentration is used as an external reference. Two 
resonance lines are observed for the methyl protons of the t-butanol
with the line for the paramagnetic solution at the higher frequency.
The KIR signal for the paramagnetic solution is often of a much reduced 
intensity than that of the reference material.
The gram susceptibility of the solute is given by the expression:
dQ = density of solvent 
and dg = density of solution.
For highly paramagnetic species the last term can often be neglected 
because, at the concentrations required for highly paramagnetic species, 
the difference between' dQ and dg is very small. The molar susceptibility 
is obtained by multiplying % g by the molecular weight of the solute.
An outline of the practical method involved in these measurements
245is given by Deutsch and Poling . The NMR tubes used in this determination 
were precision-made Coaxial tubes supplied by Wilmad Glass Company,
New Jersey, Fig. 13. The inner tube was drawn out to a capillary at the 
closed end. The reference solution of aqueous t-butanol was put in the 
outer tube and the solution under investigation in the inner tube, care 
being taken to make sure no undissolved solid or air bubbles were present 
in the tube. All the solvents used were thoroughly deoxygenated before use.
because of the difference in volume susceptibilities of the two solutions
(21)
where C = solute concentration in grams perml.
= gram susceptibility of the solvent,
(-0.72 x 10  ^for dil. aqueous t-butanol)
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The spectra were run on a Hitachi-Perkin-Elmer B24A NMR spectrometer, 
operating m 60 megacycles/sec. The samples were run at 25°C only.
IThe use of coaxial tubes led to very large spinning side bands to either 
side of thi signal from the methyl protons of t-butanol. Since the high 
-field-shifted peak was often very small it was usually necessary to run 
the spectrum at several spin rates.
The accuracy of this method is dependent on the accuracy with vdiich 
the splitting is measured and the accuracy with which the concentration 
is known. The splitting can be increased by making the concentrations of 
the paramagnetic species higher, but this also causes the peak for the 
solution of t-butanol to broaden because of the paramagnetic species.
The concentration has to be chosen to give both reasonable peak shapes
and splitting. A splitting in the order of 100 Hz. was preferable and
this could be measured with an accuracy of + 1 Hz. The solutions were
made up to an accuracy of + 0.5^
Fig. 16 illustrates the type of spectrum obtained by this method. 
Difficulty was experienced initially in selecting the required peaks.
The use of water as a solvent produces an extremely broad band which 
together with two pairs of spinning side bands, one of which is in the 
region‘of the methyl proton signal from the t-butanol, caused misinter­
pretation of preliminary results. The signal from the t-butanol in the 
paramagnetic solution is found upfield from the reference signal, i.e. 
at a higher value;
With certain iron compounds, notably potassium hexcyanoferrate(lll), 
an unusual effect was observed. Instead of the usual spectrum (Fig. 16), 
the spectrum consisted of a series of equally spaced peaks ranging from 
1 ^  to 11 /£*. The intensity of the peaks varies, increasing from 1 '7T 
to a maximum in the region of 7 decreasing towards 11 No explanation
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separation of the peaks was dependent on the spin-rate of the NMR tube, 
so it may be that the peaks were due to very intense spinning side bands.
The effect disappeared when the solution was diluted, and also when the 
solution was degassed by bubbling oxygen free nitrogen through it for a 
prolonged period (2-|-hr.).. The latter suggests that the presence of 
dissolved oxygen, a paramagnetic species may intefere with the spectrum.
It may be that with the concentrated solution, microcrystals form on the 
inside of the tube, which disrupts the spectrum. Bubbling nitrogen 
through the solution would cause dissolution of the microcrystals.
When carrying out measurements on air-sensitive solutions, careful 
attention was necessary in preparing the solution to ensure that 
the peak due to the presence of the paramagnetic species is not obscured.
Once a solution was prepared it was not possible to dilute it with any 
degree of accuracy. Concentrations of complex were selected to give 
a difference in frequency of about 100 Hz, by assuming the value of the 
magnetic susceptibility to be that expected for a high spin iron(ll) complex.
2.5 Mossbauer Spectrometry
The M<5ssbauer effect, reported by R.L. Mc5ssbauer in 195^^ t 
based on the recoil-less emission and resonance absorption of low energy 
V^-radiation.
It is well known that light emitted by a given atom during the 
transition of an electron from an excited state to the ground state can 
be absorbed by atoms of the same kind. This is known as resonance absorption.
Similarly to atoms atomic nuclei have excited states of discrete 
energy. Y  -radiation originates in the transition of an atomic nucleus 
from one definite energy level to another. Therefore resonance absorption 
could also be expected in the case of Y -radiation.
In the'ideal case the energy of the Y  -radiation would be equal to
the difference between the excited state and the ground state. However, 
because of the uncertainty in the energy of the excited state, the 
radiation can never be completely monochromatic, so that the Y -radiation 
line has inherently a definite line width. The natural line width, r , 
dependent on the lifetime of the excited state, is given by the 
expressions
^  = 2zf T x  .....
where h is Planck*s constant.
On emission of Y -radiation, the atomic nucleus undergoes recoil 
which absorbs energy. Thus the energy of the emitted radiation, E, is 
reduced by the recoil energy, R. If an atomic nucleus identical with the 
source is placed as an absorber in the path of the radiation the Y -rays 
will impinge upon this with an energy R and an additional amount of 
energy R is lost in the recoil of the absorbing nucleus thus, only energy 
(E - 2R) is available for excitation of the absorber. Resonance can, 
therefore, only occur when r>R.
The recoil energy is dependent on the difference in energy, E, between 
the excited and ground states, and on the mass, m, of the recoiling particle
E2
2mc
where c = velocity of light.
With V-radiation, E is so high that R may be greater than the line 
width. Consequently,' the overlap between the spectra of emitted radiation 
and the radiation required for the excitation of the absorber will be so 
small that absorption will be difficult to observe.
To observe V^-radiation resonance absorption, it is necessary to find 
a way of removing the energy difference of 2R between E and that necessary 
for the excitation of the absorber atom. The earliest attempts at
compensating for the energy difference of 2R involved the use of the 
Doppler ef'ect to change the energy of the particles. Unfortunately very
■f 5 -1
high velocities ('N/LO mm sec ) are required. Incorporation of the sample
ii
as a solid eliminates the recoil motion, the energy being taken up by the
crystal lattice, and no compensation is required.
Mossbauer^^, investigating the resonance absorption of Y'-rays by 
191the Ir nucleus, attempted to reduce the Doppler effect caused by thermal
motion by cooling both source and absorber to 78°K. The aim of this
cooling was to reduce the overlapping of the emission and absorption lines
and therefore the degree of absorption. However, contrary to expectation,
on cooling, the absorption increased.
Mossbauer recognised that under such experimental conditions both
emission and absorption take place without recoil, and since no energy is
lost, the emitted energy is sufficient to excite the absorber.
The probability of the Mossbauer effect, f, is given by the relation;
2
f = ---
e*
2where « mean square vibrational amplitude of the lattice atoms,
and ,' A  = wavelength of Y*-radiation.
f is the ratio of the intensity of recoil-free absorption to the 
intensity of the total spectrum (recoil-free part and part arising from 
recoil broadening and thermal motion). In general, the Mossbauer effect 
can be observed with'Y-radiation where the value of f at not too
low temperatures.
This phenomena, the recoil-free Y -emission and absorption, permitting 
resonance absorption, in a crystal lattice, can only occur with low energy 
Y -radiation (E < 1 5 0  K eY) where the radiation is produced by a 
transition from the first excited state to the ground state, \7ith higher
(3)
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energy Y -radiation, (150 K eV - 1 MeV), phonon energy may be emitted from 
the absorber, the crystal lattice being vibrationally excited. With 
'Y-radiat ion having an energy > 1  MeV, the recoil energy is sufficient to 
eject atoms from the crystal lattice.
2.5*1 The Mossbauer Spectrometer
The schematic representation of a Mossbauer spectrometer is shown in 
Fig. (17)* The three basic parts are the source, the absorber and the 
detector.
In general, the substance under examination is used as the absorber.
The source is a substance which has a single line emission with as far as
possible the theoretical linewidth. The preparation and selection of a
suitable source is complicated by the fact that in many cases the parent
element of the source is not the same as that of the absorber.
57Iron Messbauer spectra are measured with the Co isotope as the 
source material.
57The isotope of iron which exhibits the Mossbauer effect is Fe.
57The source, Co, is converted, by electron capture, to the highly excited
156.4 K eV state of^Fe. This decays with the emission of V-radiation of 
122.0 K eV, to the first excited state of ^Fe (i = 5/2). There is then 
further decay, through internal conversion or Y-emission of 14.4 eV 
(the Mossbauer Y -ray) to the ground state (I = -J-). The scheme is 
summarised in Fig. (18).
The resonance spectrum is obtained by imparting a shift to the 
V-radiation of the source, by moving the source relative to the absorber. 
The spectrum is presented as a plot of intensity of Y -radiation against 
the relative velocity between source and absorber.
At the relative velocity v at which the absorption of Y -rays is a 
maximum, the centroid of the resonance spectrum, the Y -ray energies of
source and absorber have been matched.
It is customary to refer this position to that produced by a standard 
substance such as stainless steel, iron foil or sodium nitroprusside.
2.5*2 Eyperfine Interactions
The application of the Mossbauer effect to chemistry depends on the 
resolution of the hyperfine interactions between the nuclear charge 
distribution and the extranuclear electric field and magnetic field. These 
interactions give rise to the isomer shift, & , the quadrupole splitting, 
and the magnetic Zeeman splitting.
2.5*5 Isomer Shift &
The isomer shift is defined as the displacement of the centroid of the 
resonance spectrum from zero relative velocity of source and absorber, and 
is a measure of the electron charge density at the nucleus of the source 
and absorber atoms, and as such is closely related to the nature of the 
chemical environment of the resonating nuclei. It arises from the fact 
that the nucleus occupies a finite, and to a first approximation, spherical 
volume. As such, there is an interaction between the nucleus and the 
electrostatic field due to all of the extranuclear charges.
It can be shown theoretically that the isomer shift is given by the 
expression:
The isomer shift can be seen, therefore, as the product of three terms -
4 rr R2ge2 6 R 
5 R iV'(o) j2 - iM 12] (4)
where Z = nuclear charge
R. = average radius of nucleus
8 R = change in radius between ^exc^ted Aground’
(0)J2 = a electron density at the nucleus of the absorber
s electron density at the nucleus of the source
a constant-, a nuclear term, and an electronic term
‘In order to obtain information on the change in total electron density
between source and absorber nuclei from the isomer shift values, a sign
must be established for the nuclear term For -"Fe it has been found
to be negative and it can be concluded that as the electron density 
increases from the source to absorber nucleus, S decreases, i.e. moves 
to lower relative velocities (Fig. 19)*
To a first approximation, only a electrons have a finite electron
density at the nucleus. The isomer shift for iron decreases with an
57increase in s electron density. In ^'Fe the isomer shift can be said to 
be proportional to the sum of the contributions from the Is, 2s, 3s and 
4s orbitals. The Is and 2s contributions are very large but virtually 
constant and independent of the chemical environment. The contributions 
from the 3s and 4s orbitals are small but variable. The isomer shift, which 
is dependent on the s electron density at the nucleus, is therefore 
affected by:-
(a) the oxidation state of the absorbing atom,
(b) the effect of p- and d-electron shielding,
(c) covalent bonding involving s-, p- and d-electrons, and,
(d) the de-shielding effect of d-baclc bonding.
The isomer shift also shows a small temperature dependence.
Fig. 20 shows the approximate ranges of the typical isomer shifts 
observed in practice for different oxidation states and electronic 
configurations of iron compounds.
2*5*4 Quadrupole Splitting A e
The expression for S' was derived theoretically by assuming spherical 
sjnmnetry for the nucleus, and a uniform charge density. If the electronic 
charge distribution is not symmetrical there will be an electric field 
gradient at the nucleus. This will interact with any quadrupole moment 
brought about by the deviation from spherical symmetry of the nuclear 
charge, to give a quadrupole interaction. The effect on the Mossbauer
Velocity
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spectrum is to cause the single line spectrum to split into a two line 
spectrum, the separation between the lines being the quadrupole splitting, 
Fig. 21.
2.5.5 Quadrupole Moment Q
Nuclei whose spin quantum number I = 0 or \ are spherically symmetrical 
and have a zero quadrupole moment. For the nuclear charge is
non-symmetrical but ellipsoidal and has a quadrupole moment, Q. The 
ellipsoid of nuclear charge can be either prolate (elongated along the Z 
axis), producing a positive quadrupole moment, or oblate (flattened along 
the Z axis), with a negative quadrupole moment.
The quadrupole moment is given by the expression:
centre of the nucleus; r making an included angle Q to the nuclear spin 
quantisation axis.
2.5.6 Electric Field Gradient (EFG) Tensor
The electric field gradient tensor, which describes the inhomogeneity 
of the edectric field, has nine components.
The electric field, E, is the negative gradient of the potential V.
The EFG is the gradient of the electric field E and is given by the matrix:
where e = charge of the proton,
P  *= charge density in a volume element d'fc' , at a distance r from the
(6)
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The above nine component tensor reduces to three, by the choice of suitable 
axes. The three components obey the Laplace equations
Yxx + Yyy + Yzz - 0  (7)
' ?
Only two components are needed to specify the electric field gradient,
i
these being V , the principal component of the electric field, an zz
asymmetry parameter^ , defined as:
V  v
V - Vxx yy
zz
The three components are chosen such that | Vzz |l>| l^l^yy (»
Thus axial symmetry gives ^  = 0, and ^  = 1 for non-axial
symmetries.
The interaction between the quadrupole moment and the electric field 
gradient is given by the Hamiltonian:
4i(zxq- i j  K  _i(i + x) + (i* + 4 l 1 .(8)
where I is the nuclear spin operator,
and Ix, Iy, Iz are the resolved components of it along the principal axes. 
The energy levels are given by:
\ ° IK -*1* c1
57 iFor Fe, the ground state, with a nuclear spin, I = -g-, is unsplit, but
the first excited state, I -|- splits into two levels, having an energy
separation, A  E, given by:
e =  (io)
57Q is positive for ^'Fe.
It is possible to express the EFG as the sum of two parts - an EFG 
arising from the electronic configuration about the nucleus (qva )^, and 
an EFG arising from the charge distribution of neighbouring ions in the 
lattice- (q^a .^), related by:
q = (1 - + (1 - I,s«Oqlat  ••(!!)
where R an are the Sternheimer shielding and antishielding factors,
2*5*7 Higf'.-spin Iron(lll) and Low-spin Iron(ll) System
5
The half-filled shell of an octahedral high spin d ferric ion is
spherically symmetrical and low-spin d^ ferrous ions behave similarly as
6a result of their t2g configuration. There is, therefore, no valence 
contribution to the EFG. Thus:
q = (1 - Yco )qlat  (12)
The small value of quadrupole splitting which may be observed is due to the
EFG which arises from ^ a^* Values of E range from zero for a cubic
-1
environment to <v>l*5 mms for non-cubic ones, the usual range lying 
between 0*5 to 0*7 mms"\
2.5♦8 High-spin Iron(Il) and Low-spin Iron(lll) Systems
A high-spin d^ ferrous ion has one electron outside the spherically
symmetric half-filled shell. This single electron gives rise to a large
EFG, producing large /\ E values, ranging from 1,5 to 5*6 mms \  Low-spin 
5
d ferric ion can be visualised as a single electron hole. The principal 
contribution to the EFG comes from and is largely temperature dependent.
2.5*9 Magnetic Hyperfine Interaction
Nuclei having angular quantum number I greater than zero have nuclear 
magnetic moment given by:
= gn ^ n1 .....
where = nuclear magneton
gn = gyromagnetic ratio.
In a homogeneous magnetic field the nuclear spin, and hence the 
magnetic moment, can have only definite orientations with respect to the 
field. Thetvector of the nuclear spin in the direction of the field can
‘ig»!2 2 Magnetic Splitting for 'y/Fe with zero A e ,
and the rosu 1 1 in {iossbnuer spectra (random field)
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only have the values m(h/2r), where m is the magnetic quantum number.
The magnetic quantum number may assume the values I, (i - l), (I - 2)
-I, giving a total of 21 + 1 values.
The interaction of the nuclear magnetic moment with a magnetic field 
gives rise, therefore, to 21 + 1 equally spaced sub-levels. The magnetic 
field (H) at the nucleus can originate in many ways. A general expression 
for it would be
H - V + Hs + h l + hd ......(14)
where Hq is the applied field at the nucleus,
Hg is the field arising from interaction of the nucleus with an 
imbalance in s-electron spin density at the nucleus.
Ht is the field produced by the orbital magnetic moment of the
li
parent atom when the moment is non-zero.
Hp arises from dipolar interaction of the nucleus with the spin 
moment of the atom.
Considering the Fe nucleus, the ground state (I = ■§■) splits into 
two levels with = +J- and ^ d  the first excited state (I = 3/2) 
will split into four sub-levels, Mj = 5/2, -I-, and -3/2. The selection 
rule for transitions between levels is M^. = + 1, 0, and this gives rise to 
six transitions and hence a six resonance line spectrum as shown in Fig. 22.
2.5.10 Experimental Technique
All Mossbauer sp&ctra were recorded at Birkbeck College by 
Dr. B.W. Fitzsimmons. All spectra were run at 300°K and 77°K and the chemical 
isomer shifts are reported with reference to iron foil.
2.6 Infra-red'Measurements
The infra-red study of a metal complex can be used to give valuable 
information concerning the mode of ligand bonding.
2.6.1 Amino-Acid Complexes
In the infra-red spectra of metal complexes of amino acids, absorption
bands corresponding to the vibrations of the amino and carboxyl groups are
the easiest to assign. For this reason, it is possible to make assumptions
about the structure of such complexes from the shifts in positions of these
bands. By comparing the spectra of the complexes with those of the free
231-235ligands, several workers ' ' have established that the NH stretching
233 234 ■frequency decreases on complex formation and ’ as the overall stability
of the complex increases. Any attempt, however, to interpret the shift in
NH stretching frequency in terms of the N-H bond strength must be done with 
236caution , since, as in other amine complexes, the amino group hydrogen 
atoms readily form intramolecular and intermolecular hydrogen bonds which
cause a great change in the NH stretching frequency. Lane and
237 238 -1
co-workers ’ assigned bands in the region 380-390 cm to the metal-
nitrogen stretching vibration of several amino acid complexes, which verify
the strong covalent character of the metal-nitrogen bond.
Interpretation of the changes produced by complex.formation on the
vibrations of the carboxyl group is more difficult. The oxygen atoms of
the carboxyl group can be bonded either to the metal atom or, by hydrogen
bonds, to the amino group of a neighbouring complex molecule or its water
of crystallisation.
Coordination of one of the oxygen atoms of the carboxyl group, or its
involvement in hydrogen bonding equally causes greater separation of the
two bands assignable to C-0 stretch. The separation of these two bands may
be proportional to the strength of the metal-oxygen bond, providing the
spectrum is measured on complexes of the same amino acids with a variety 
of metal icris, the composition and symmetry of the complexes being identical.
I
The metal-oxygen bond has much less covalent character than the metal-
s|
nitrogen bend, a result of which is that the stretching vibrations of the 
M-0 bonds appear at such low frequencies that their observation and 
assignment have so far been unsuccessful.
Since the carboxyl group can act as a monodentate or bidentate ligand, 
it is useful to be able to distinguish between these modes. When acting as 
a unidentate ligand the separation of the asymmetric and symmetric C-0 
bands is greater than for the free ion by about 50 cm*"^ . If there is very 
little increase in separation it is likely that the carboxyl group is not 
coordinated. However, if the separation is unchanged or decreased, the 
carboxyl group is probably functioning as a bidentate ligand.
Infra-red spectrometry has been used to detect whether amino acids 
are bonded as monodentate ligands, through the carboxyl group or as a 
bidentate ligand, coordinated through both N and 0.
Amino-acids containing more than one amino or carboxyl group, e.g. 
glutamic acid or aspartic acid, produce metal complexes which have very 
similar infra-red spectra to the monoamino-monocarboxylic acids. It is, 
however,' often difficult to make an unequivocal analysis of the spectrum.
The sulphur-containing amino-acids have the additional possibility of 
coordination through the.sulphur atom. With cysteine or other sulphydryl 
(-SH) containing ligands, sulphur bonding is easily detected from study of 
the S-H stretching frequency at 2600 cm \  If there is coordination through 
the sulphur atom this band will be lost and a metal-sulphur stretching
-l(239)frequency should be present in the region of 400-300 cm . Cystine"
containing a disulphide bridge, might coordinate through one or both sulphur- 
atoms. Evidence of this is not available. However, coordination of the 
disulphide bridge might be expected to decrease the S-S stretching frequency
which falls in the range 500-400 cm x'
Similarly, methionine and S-methyl cysteine may coordinate to the
1
metal ion tirough sulphur, this being shown by a decrease of the S-C bond
' -1 -I
bonding frequency, in the ranges 1440-1415 cm and 1550-1290 cm 
respectively"^. The C-S stretching frequency does not fall within a 
well defined range,
2.6.2 Oxides of Nitrogen
Infra-red spectrometry can be a useful tool, in the qualitative analysis 
of gaseous samples, although sample handling can give rise to differences in 
the observed spectra, and any change in temperature or pressure can alter 
the spectrum considerably.
The technique has been used with some success in the analysis of 
mixtures of the oxides of nitrogen, and has even been used for quantitative 
analysis"^. Quantitative analysis by this method has several drawbacks.
Both nitric oxide and nitrous oxide are light gases, and as such are subject
to strong pressure broadening effects. Results of this are that the spectrum
is very pressure-sensitive, and the infra-red absorptions do not obey the 
Beer-Lambert law.
The oxides of nitrogen of most importance in this work are nitric oxide,
nitrous oxide and nitrogen dioxide (and possibly dinitrogen tetroxide).
.1(259)
Nitric oxide possesses a single stretching frequency at 1876 cm
If the conditions are correct it is often possible to obtain the spectrum
showing the R and P branches of the vibrational rotational spectrum.
Nitrous oxide, a linear triatomic molecule, has three infra-red vibrational
frequencies. The N-N stretching frequency is present at 1286 cm  ^and the
N-0 stretching frequency present at 2178 cm"*\ The bending frequency
-l(242)
(doubly.degenerate) of the molecule occurs at 591 cm .
Nitrogen dioxide, a bent triatomic molecule, possesses three
fundamental frequencies. The asymmetric stretching frequency, 1618 cm ^ is
higher than the symmetric stretching frequency, 1518 cm . The bending 
frequency occurs at 750 cnf\
It can be seen that on this basis, it is relatively easy to use 
infra-red measurements to identify these gases.
2.6.5 Low Temperature Infra-red Measurements
The application of a ligand field causes a splitting of the five
degenerate energy levels of transition metal ions into two or more separate
4
sets of levels, depending on the symmetry of the field. Ions of the d ,
5 6 7d , d and d configurations in octahedral fields may give high-spin or
low-spin complexes depending on the strength of the ligand field.
High-spin complexes arise when the ligand field stabilisation on
pairing is less than the energy required to pair the electrons. When the
ligand field stabilisation is greater than the pairing energy, low-spin
complexes form. If the two energies are approximately the same magnitude,
then a chemical equilibrium of the two high-spin and low-spin forms may
occur. If the energy separation between the two spin states is of the order
of kT, temperature will have a great effect on the position of the high-spin/
low-spin equilibrium.
This effect, known'as the spin-crossover effect, occurs, for example,
245with certain Iron-Schiffs base nitrosyl complexes . The presence of this 
equilibrium is indicated from magnetic measurements upon the complex when 
the effective magnetic moment shows an appreciable continuous change with 
temperature. Salen-iron nitrosyl changed magnetic moment from 5*61 B.M., 
corresponding to 5 unpaired electrons, to 2.10 B.M., 1 unpaired electron 
sharply at 180°K when the temperature was decreased from 500°K to 90°K.
When the metal ion complexes with a -bonding ligand as with a nitrosyl 
group, infra-red spectrometry can be used to detect any changes of the ion’s 
electronic configuration. The nitrosyl stretching frequency is dependent on 
the amount of back-donation from the metal ion. This, again, will change
with the spin state. At the crossover temperature a mixture of both isomers 
present, and therefore infra-red bands from both will be present. As the 
temperature increases or decreases one isomer will predominate and the 
intensity of the infra-red band from the other isomer will decrease, and 
possibly disappear completely.
2.6.4 Experimental Methods
All infra-red measurements were carried out using a Perkin Elmer 577 
infra-red spectrometer.
(a) Metal Complexes
The infra-red spectra of metal complexes were recorded from mulls of 
the complex with "nujol" and, in some cases, hexachlorobutadiene. Potassium 
bromide discs were used for the range 4000 cm  ^to 600 cm  ^and polythene
discs used for the range 600 cm  ^to 200 cm \
(b) Gaseous Samples
Gaseous samples were contained in a glass infra-red gas cell, Fig. 23, 
with sodium chloride end plates, sealed to the body of the cell with rubber 
*0T-rings. The cell was evacuated and flushed with nitrogeir several times 
before finally evacuating and filling with the sample under investigation.
It was not possible to control accurately the amount of a particular gas in 
the cell, although attempts were made to produce as large as possible partial 
pressure of nitrogen oxides in the gaseous mixture. In order to avoid any 
leakages of air into the‘cell, the pressure was equalized to atmospheric by 
the addition of oxygen-free nitrogen.
Difficulty was observed initially in the isolation of samples containing 
nitric oxide. The cell was shown to be vacuum-tight, but when the sample was
introduced the gas immediately produced a brown colour. It was felt that
this might possibly be due to oxygen adsorbed 011 the cell surface. After 
prolonged evacuation no further difficulties were experienced.
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(c) Low Temperature Measurements
Variable temperature infra-red spectra were recorded making use of a
|
variable temperature unit and automatic control unit supplied by
I
Beckmann RlCC Ltd. (Fig. 24).
The sample was prepared as a "nujol” muH in a nitrogen bag using 
degassed "nujol”. The KBr discs were mounted in the heating apparatus and 
the assembly placed in a steel container which was sealed with a rubber *01 
ring and then evacuated to 0.5 nim Hg.
The cell was attached to the automatic temperature unit and the
temperature set for ambient temperature. The unit was switched on and' the 
cell allowed to reach thermal equilibrium before the infra-red spectrum 
was taken.
Liquid nitrogen was then introduced into the container attached above 
the cell and the temperature unit adjusted to the required temperature.
When thermal equilibrium had been reached, the spectrum was recorded. It
was necessary to top up the liquid nitrogen reservoir frequently.
2.7 Reflectance Spectra
Ultraviolet and visible spectrometry can provide much information 
concerning the electronic structure of chemical compounds. Transition 
metal complexes, in particular, lend themselves readily to investigation 
by this manner.
The spectrum arises from the absorption of energy associated with the 
transition of electrons between electronic energy levels. In transition 
metal complexes, bands corresponding to three kinds of electronic transition 
can be detected: (l) bands due to d-d transitions, (2) charge transfer
bands and (5) bands due to electron transfer within the ligand.
The transitions attributable to d electrons are of the greatest 
importance when considering the electronic structure and symmetry of 
transition-metal complexes.
2.7*1 Technique
The electronic spectra of unstable compounds are usually carried out
i.
by diffuse reflectance techniques on the solid compound. In this technique
. R*
the sample is powdered, sealed in a 2 mm glass reflectance cell under 
vacuum, and the light reflected by the sample examined using a Rye Unicam 
SP 500 Spectrophotometer. Minima in the reflected light occur at the 
electronic absorption bands of the complex. Spectra produced in this way 
tend-to have broader bands than those produced by transmission techniques. 
It is not possible, however, by this method, to obtain extinction 
coefficients for the absorption bands.
2.8 Analytical Methods
2.8.1 Iron
The iron content of the complexes was determined by several methods
(a) combustion
(b) oxinate formation
(c) potassium permanganate titration.
(a) Complexes containing only iron as the metal ion were analysed by 
combustion of a weighed amount of the complex in a silica crucible, in a 
furnace at 600°C, until the crucible was at constant weight. The iron was 
determined as Fe0CL.
(b) Compounds in which the iron complex is anionic, with alkali metal 
cations, cannot be analysed for iron directly by combustion to Fe2^  
because of the formation of alkali metal compounds. Analysis for iron in 
samples of this type was carried out by gravimetric analysis of the 
oxinate derivative.
A weigh amount of complex was dissolved in the minimum volume of 2 M 
hydrochloric acid. This was then treated with dilute ammonia until a faint 
precipitate persisted. Once again 2 M hydrochloric acid was added until
the precipitate just dissolved. Ammonium acetate (5 g) in water (125 mi ) 
was added, followed by an oxine solution (2fo w/w in 1 M acetic acid) from
i i
•I
a burette,1 with constant stirring, until an excess was present. The dark
I
yellow pre;ipitate was digested on a steam bath for 50 minutes, filtered 
through pre-weighed sintered glass funnels, washed with l°/o aqueous acetic 
acid and dried to constant weight at 155°C. The precipitate v/as weighed as 
Fe(C9II6OK)j. .
(c) In some cases it was necessary to analyse complex solutions for iron 
and potassium permanganate titrations were used.
It was not certain in what oxidation state the iron existed, so all 
the iron was reduced to the divalent state by bubbling sulphur dioxide 
through the solution for 50 minutes. Any excess sulphur dioxide dissolved 
in the solution was removed by gently warming the solution, at the same 
time flushing the solution with oxygen-free nitrogen.
Aliquots (10 nrl ) of the solution were pipetted into a conical flask,
10 mis of 2 M sulphuric acid added, and the solution titrated against 0.5 M 
potassium permanganate until a permanent faint pink colour existed.
The analysis was repeated until two values for the volume of potassium 
permanganate agreed within 0.1 mis.
The' end point was often difficult to detect but this was facilitated by 
warming the iron solution during the titration.
2.8.2 Carbon, Hydrogan‘and Nitrogen
Analysis of the complexes for carbon, hydrogen and nitrogen was 
carried out by Mr. Errol Hopwood of the Microanalytical Service of the 
Department.
CHAPTER III 
EXPERIMENTAL PREPARATIONS
3. Preparations’ of Complexes
3.1 Amino-Acid Complexes
1. Bis (glycinato) iron(ll)
Lithium hydroxide monohydrate (2.0 g) and glycine (4.5 g‘) were 
dissolved in methanol (200 mis). The mixture was heated on a steam bath 
for half-an-hour, then left to cool. The solution was filtered and the 
filtrate collected. When a solution of iron(ll) chloride tetrahydrate 
(5*0 s) i*1 methanol (60 mis) was added to the filtrate, a creamy 
precipitate appeared. The precipitate was filtered off, washed with 
methanol and dried for 4 hours under vfacuum with continuous pumping. ■
Found: Fe, 26.7; C, 23.3; H, .3.8; N, 13.5$. Calculated for Fe(Gly)2:
Fe, 27.6; C, 23.5; H, 3-9? N, 13-79&. '
2. Bis (alaninato) iron(Il)
An aqueous solution of lithium hydroxide monohydrate (1.8 g) was added 
to an aqueous solution of DL-c*-alanine (4 gj and the mixture heated on a 
steam bath for two hours. The solution was evaporated under vacuum to 
near-dryness and then shaken with ethanol (100 mis). A precipitate of 
excess alanine was filtered off, and the filtrate adde.d slowly to a 
solution of iron(ll) chloride tetrahydrate (4.3 s) in ethanol (50 mis), 
with shaking and cooling. An offwhite precipitate appeared which was 
filtered off, washed with ethanol and dried for 14 hours under vacuum.
The dry compound was fairly stable turning brown slowly in the air.
Found: Fe, 23.2; C, 30.38; H, 5*3; N, 12.1%. Calculated for Fe(Ala)2:
Fe, 24.1; C, 31.0; H, 5*2; N, 12.1%.
3. Bis (phenylglyoinato) iron(ll)
An aqueous solution of sodium phenylglycinate was prepared by 
dissolving sodium hydroxide (1,0 g) and DL-phenylglycine (4*0 g) in water 
(170 mis). The mixture was heated on a steam bath for 30 minutes, cooled 
and thp excess phenylglycine filtered off. The filtrate was slowly added
to a solution of ferrous sulphate heptahydrate (5*04 g) in water 5^0 mis) 
with shaking. The light greyish-blue precipitate which formed was filtered 
off, washed with water, then acetone, and dried under vacuum for 4 hours.
The dry compound is fairly stable, turning light brown slowly on exposure 
to air.
Found: Fe, 15.4; C, 53*2; H, 4*4; N, 7*7/^ * Calculated for Fe(Phgly)2 :
Fe, 15-7; c, 55.9s H, 4.5s N, 7.9$.
4* Bis (phenylalaninato) iron(ll) dihydrate
An aqueous solution of sodium phenylalaninate was prepared by dissolving 
sodium hydroxide (0.9 g) and a slight excess of DL-^-phenylalanine (6.73 g) 
in water (130 mis). The mixture was heated on a steam bath for 40 minutes, 
cooled and the excess phenylalanine filtered off. The filtrate was added 
to an aqueous solution of iron(ll) sulphate heptahydrate (4*0 g) in water 
(40 mis). The pale blue precipitate formed was filtered off, washed several 
times with water. The sticky precipitate was then shaken with acetone, 
filtered off again and dried for 5 hours under vacuum. The dry compound 
was fairly stable, turning light brown slowly on exposure to air.
Found: Fe, 13*5? C,51#6; H, 5*9? N, 6.6$. Calculated for Fe(Phgly)2*
21^0! Fe, 13.3. i c, 51.4; H, 5.7; N, 6.7$.
5.' Bis (leucinato) iron(II) dihydrate
An aqueous solution of sodium leucinate was prepared by dissolving 
sodium hydroxide (1.22 g) and DL-leucine (4*0 g) in 200 mis of water.
The mixture was heated on a steam bath for one hour, cooled and filtered to 
remove any excess leucine. The filtrate was added to a solution of iron(ll) 
sulphate heptahydrate (4*24 g) in water (100 mis). The blue-white 
precipitate formed was washed with a large excess of water by decantation, 
filtered off and finally 7/ashed with ethanol. The compound was dried for 
5 hours under vacuum. The compound was air sensitive, turning orange-brown 
immediately on exposure to air.
Founds Fe, 16.1; C, 40*2; H, 8.1; N, 7.8/0, Calculated for Fe(Leu)2* 
2Ho0: Fe, 15*9? C, 40.9; H, 8.0; N, 8.0$.
I6* lis (gl.ycylglycinato) iron(ll)
j .
A solution of lithium glycylglycinate was prepared by heating a 
mixture of glycylglycine (5*5 g) and lithium hydroxide monohydrate (0.63 g) 
suspended in aqueous methanol (500 mis MeOH, 20 mis water). The solid was 
filtered off and the filtrate slowly added to a solution of iron(ll) 
chloride tetrahydrate (1.5 g) in methanol (50 mis) with shaking. A white 
precipitate was formed, which was filtered off, washed with methanol and 
dried under vacuum for 6 hours. The dry compound is fairly stable, 
turning light brown slowly on exposure to air.
Found: Fe, 17*4| C, 29.9? H, 4«5> N, 17*3$. Calculated for Fe(Glygly)2
Fe, 17.6; C, 30.2; H, 4*4; N, 17*6$.
7. Bis (serinato) iron(ll)
A solution of lithium serinate was prepared by dissolving lithium 
hydroxide monohydrate (1.60 g) and DL-serine (4*0 g) in methanol (200 mis) 
and heating the mixture on a steam bath for 30 minutes. After cooling the 
solid was filtered off and the filtrate added slowly to a solution of 
iron(ll) chloride tetrahydrate (3*78 g) in methanol (70 mis). The light 
grey-blhe precipitate was filtered off, washed with methanol and dried for 
5 hours under vacuum. The dry compound was fairly stable, turning orange- 
brown slowly in exposure to air.
Found: Fe, 20.7; C, 26.8; H, 4*5; N, 10.3$. Calculated for Fe(Ser)?:
1
Fe, 21.2; C, 27.3; H, 3«5> N, 10.6$.
8. Aspartatoiron(li) dihydrate
A solution of dilithium aspartate was prepared by dissolving lithium 
hydroxide monohydrate (1.89 g) and L-aspartic acid (3 g) in water (30 mis).
This was slowly added, with shaking, to a solution of iron(ll) chloride
tetrahydrate (4*48 g) in methanol (130 mis). A white precipitate came down
which was filtered off, washed with methanol and dried for 6 hours under 
vacuum. The off-white compound was air-sensitive, becoming green then 
brown on exposure to the air.
Found: Fe, 24.8; C, 21.2; H, 5*4> N, 6,00?o, Calculated for 
Fe(Asp).2H20: Fe, 25.1; C, 21.5; H, 4.0; N, 6.27^.
9 • Glutamatoiron(II) dihydrate
A solution of dilithium glutamate was prepared by dissolving lithium 
hydroxide monohydrate (5-26 g) and L-glutamic acid (5.80 g) in water (100 mis). 
This was added to a solution of iron(ll) chloride tetrahydrate (4*00 g) 
in ethanol (50 mis). A pale blue precipitate formed vdiich was filtered off, 
washed with water, then ethanol and finally dried under vacuum for 6 hours.
The dry compound was air-sensitive, immediately turning green on exposure 
to the air.
Found: Fe, 25.5> C, 24.6; H, 4*6; N, 5*90$. Calculated for 
Fe(Glu).2H20: Fe, 25.6; C, 25.5; H, 4*6 ; N, 5*90
10. Bis (glutaminato) iron(ll)
A saturated methanolic solution of lithium glutaminate was prepared by 
heating a suspension of lithium hydroxide monohydrate .(1.26 g) and 
L-glutamine (4*40 g) in methanol (100 mis) on a steam bath for 20 minutes.
After cooling the solution was filtered and the filtrate added to a 
solution of iron(Il) chloride tetrahydrate (5»0 g) in methanol (55 mis).
The precipitate, initially white, but which became light blue on standing, 
was filtered off, washed with methanol and dried for 6 hours under vacuum.
The compound was air-sensitive, turning yellow-brown immediately on 
exposure to air.
Found: Fe, 15*8; C, 54*1» H, 5*2; N, 1 5 * 7 Calculated for Fe(Gln)2:
Fe, 16.2; C, 54-7; H, 5*2; N, 16.2ft
11. Bis (tryptophanato) iron(ll)
A saturated aqueous solution of sodium tryptophanate was prepared by 
heating a suspension of DL-tryptophan (4-20 g) in sodium hydroxide solution 
(0.86 g NaOH, 200 mis water), for 40 minutes on a steam bath. After cooling, 
the solution was filtered, and the filtrate slowly added to a solution of 
iron(ll) sulphate heptahydrate (3.0 g) in water (60 mis), with shaking.
A grey-blue precipitate came down which was filtered off, washed with a 
large quantity of water, then acetone and dried under vacuum for 3 hours.
The compound was not very air-sensitive with little change in colour on 
extended exposure to the air.
Found: Fe, 12.0; C, 56.9? H, 4*6; N, 12.2$. Calculated for Fe(Try)2:
Fe, 12.1; C, 57-1; H, 4-8; N, 12.1$.
12. Bis (histidinato) iron(ll) monohydrate
A pale blue-green suspension of ferrous hydroxide was prepared by
mixing aqueous solutions of bis (ethylene diamine) iron(Il) sulphate
(13-0 g in 50 nils of water) and sodium hydroxide (2.7 g in 50 mls of water).
The ferrous hydroxide was carefully filtered off, washed with water and then
dissolved in an aqueous solution of histidine (8.5 g in 100 mis of water).
The excess ferrous hydroxide was filtered off and the filtrate evaporated
under vacuum to half its original volume. ITo precipitate appeared.
Acetone (100 mis) was added and a white precipitate came down. This was
filtered off, washed and dried. The filtrate was further extracted by
addition of ethanol (*100 mis). Again, a creamy precipitate came down which
was filtered off, washed with ethanol and dried under vacuum for 6 hours.
The initial precipitate proved to be excess histidine.. The final precipitate
bis (histidinato) iron(ll) monohydrate, was fairly stable when dry, turning
brown very slowly in the air.
Found: Fe, 13*9; C, 37-8; H, 4-7; N, 21.2$. Calculated for
Fe(His,)2.H20:" Fe, 14-5; C» 57.5; H, 4-7; N, 21.9$.
13. Bis (histidinato) iron(Il) dihydrate
An aqueous solution of lithium histidinato was prepared by dissolving 
lithium hyiroxide monohydrate (2.40 g) and L-histidine (9*24 g) in water 
(50 mis). This was slowly added, with shaking, to a solution of iron(ll) 
chloride tetrahydrate (6.00 g) in ethanol (60 mis). A creamy precipitate 
formed initially but dissolved as more lithium histidinate solution was 
added, to give an orange solution. On standing overnight, pale orange 
crystals formed. These were filtered off, washed and dried. The dry 
compound was not very air-sensitive, turning brown slowly on extended 
exposure to air.
Found: Fe, 14*0; C, 34*4> H, 4*6; N, 20.6#. Calculated for Fe(His)2.
2H20: Fe, 13*9; C, 35*8; H, 5.0; N, 20.9#.
14. Bis (methioninato) iron(II)
A solution of lithium hydroxide monohydrate (2.5 g) and L-methionine 
(8.9 g) in 5Oj° aqueous ethanol (50 mis) was heated on a steam bath for 
30 minutes, the excess methionine filtered off and the filtrate added to a 
solution of iron(ll) chloride tetrahydrate (6.0 g) in absolute alcohol 
(60 mis). A black precipitate came down immediately. ' On standing, the 
colour changed to dark green in about five minutes. The precipitate was
a
left to stand for two days, until no further colour change was observed.
The precipitate was then filtered off, washed with absolute ethanol and 
dried under vacuum for 6 hours. The dry precipitate, which was light 
grey-green in colour, was air-sensitive, going brown immediately on 
exposure to the air.
Found: Fe, 15*8; C,. 33*9; H, 5*8; N, 7*9#* Calculated for Fe(Met)2:
Fe, 15.8; C, 33.8; H, 5.8; N, 7.7#.
15. Bis (methioninato) iron(ll) monohydrate
A solution of L-methionine (8.5 g) in water (25 mis) was added to a 
solution-of iron(II) ammonium sulp?iate (10 g) in water (60 mis). To this
was added a solution of sodium hydroxide (2.5 g) in water (30 mis). A 
grey-blue precipitate came down immediately. This was filtered off, 
washed with water and then with absolute ethanol, and finally dried under 
vacuum for 6 hours. The dry compound was air-sensitive, turning brown 
immediately on exposure to the atmosphere.
Found: Fe, 15*0; C, 33*8; H, 5*8; N. 7*8#. Calculated for
Fe(Met)2.H20: Fe, 15.1; C, 32.4; H, 6.0; N, 7.8#.
16. Lithium bis (c.ysteinato) iron(ll) hydrate
A solution of lithium cysteine was prepared by dissolving lithium 
hydroxide monohydrate (2.4 g) and L-cysteine (7*2 g) in water (25 mis).
The solution was warmed on a steam bath for 30 minutes. The solution was 
filtered and the filtrate added to a solution of iron(ll) chloride 
tetrahydrate (6 g) in absolute ethanol (60 mis). A fine yellow-brown 
precipitate came down which proved difficult to filter. With care, the 
precipitate was filtered off, washed with water, then absolute ethanol.
The precipitate was dried under vacuum for 10 hours. The dry compound, 
pale yellow-brown in colour, was extremely air-sensitive turning grey 
immediately on exposure to the atmosphere.
Found: Fe, 16.7; G, 23.0; H, 4*20; N, 7*9#* Calculated for
Li2Fe(Cys)2.1.5H20: Fe, 16.7; C, *1.5; H, 2.88; N, 8.36#
17. Bis (S-methylcysteinato) iron(ll)
A solution of lithium S-methylcysteinate was prepared by dissolving 
lithium hydroxide monohydrate (2.4 g) and L-S-methylcysteine (8.U4 g) in 
water (50 mis). This was heated on a steam bath for 38 mins. After 
allowing it to cool, the solution was filtered and the filtrate added to a 
solution of iron(ll) chloride tetrahydrate (6.0 g) in absolute ethanol 
(60 mis). A pale blue precipitate came down which, as in the case of the 
methionine complex, was initially black, becoming lighter on standing.
After Several hours, when no further change in colour was noted, the 
precipitate was filtered off, care being taken to avoid blocking the filter 
unit as the precipitate was very fine, washed with ethanol and dried under
vacuum for 6 hours. The dry compound, a pale blue-grey, was extremely
air-sensitive, becoming grey-brown immediately on exposure to the atmosphere.
:!
Found: Fe, 17*9> C, 29*0; H, 4*9> N, 8.4c/°» Calculated forf
Fe(MeCys)2: Fe, 17.2; C, 29.6; H, 4*9; N, 8.6$.
18. Cystinatoiron(II)
A solution of, lithium cystinate was prepared by dissolving lithium 
hydroxide monohydrate (2.4 &) and L-cystine (7*0 g) in water (25 mis).
The solution was warmed on a steam bath for an hour and any undissolved 
cysteine filtered off. The warm filtrate was added to a solution of 
iron(ll) chloride tetrahydrate (6 g) in absolute ethanol (60 mis). A pale 
yellow-brown precipitate came down immediately. The fine precipitate was 
filtered off, care being taken to avoid blocking the filter unit, washed 
with water, then absolute ethanol, and dried under vacuum for 6 hours.
The dry precipitate, pale yellow in colour, was extremely air-sensitive, 
turning grey-brown rapidly on exposure to the atmosphere.
Found: Fe, 19.1; C, 23.8; H, 3*55 N, 3*Ofo, Calculated for Fe(CysCys):
Fe, 19.OJ C, 24-5; H, 5.4; H, 9.5$.
19. Bis (nieotinato) iron(ll) tetrahydrate
A solution of lithium nicotinate was prepared by dissolving lithium 
*
hydroxide monohydrate (2.4 g) and nicotinic acid (8.0 g) in water (30 mis). 
The solution was warmed on a steam bath for 30 minutes, allowed to cool and 
filtered. The filtrate was added to a solution of iron(ll) chloride 
tetrahydrate (60 g) in absolute ethanol (60 mis). A bright yellow, 
crystalline product came down immediately which was filtered off, washed 
with water, then absolute ethanol, and dried under vacuum for 6 hours.
The dry product was air-stable, showing very little change in colour on 
exposure to the atmosphere for several months.
Found: Fe, 15*0; C, 38.3; H, 4.2; N, 7.2$. Calculated for
Fe(Nio')2.4H20: Fe, 14-9; C, 38.5s H, 4-3; H, 7-5^.
The preparation was repeated in the air. Tne product was similar m
nature, although slightly paler in colour.
! ’
Found; Fe, 11.2; C, 42«7> H, 4*1> N, 8.4/£. Calculated for
t
Fe(Nic):..4B\0: Fe, 11.4; C, 43*4; H, 4.0; N, 8.4fo.
20. Bis (isonicotinato) iron(ll) hydrate
A solution of lithium isonicotinate was prepared by dissolving lithium 
hydroxide monohydrate (2.4 g) and isonicotinic acid (8.0 g) in water (30 mis). 
The solution was warmed on a steam bath for 30 minutes. The solution was 
allowed to cool, filtered, and the filtrate added to a solution of iron(ll) 
chloride tetrahydrate (6.0 g) in absolute ethanol (50 mis). A fine dark 
yellow precipitate came down immediately which was filtered off, taking care 
not to block the filter unit, washed with water, then absolute ethanol, and 
dried for 6 hours. The dry compound, a dark yellow with a tinge of green, 
was fairly air stable, turning brown only on prolonged exposure to the 
atmosphere.
Found: Fe, 15.6; C, 37*0,; H, 4-35 7*5%. Calculated for
Fe(lsoNic)2.4H20: Fe, 14*9? C, 38*5; H, 4-3; N, J.rfo.
The preparation was repeated in the air. The product was quite 
similar, being a yellow- powder. The preparations of several further 
iron(ll) complexes of amino-acids and other biologically important ligands 
were attempted. These were unsuccessful, although in most cases the 
technique produced solid complexes, although they were not pure enough for 
structural determination.
Bis (ascorbato) iron(ll)
A solution of either the lithium salt (prepared from equimolar 
quantities of lithium hydroxide and L-ascorbic acid) or sodium salt 
(supplied by B.D.H. Chemicals) of ascorbic acid (0.06 moles) in water 
(25 mis) was added to a solution of iron(II) chloride tetrahydrate (0.03 moles)
in ethanol (100 mis). The clear solution turned dark brown and finally 
intense deep purple. No precipitate came down. More absolute ethanol was 
added until a pale purple curdy precipitate came down. This was filtered 
off, washed and dried. The dry compound was extremely air-sensitive, 
turning deep purple immediately. In aqueous solution, the compound is 
extremely unstable and because of this the compound could not be 
recrystallized. Analysis showed the presence of lithium chloride as an 
impurity.
Found: Fe, 14*5; C, 27«5> H, Calculated for Fe(Ascorbate)2:
Fe, 15.8; c, 35-5; H, 3.5/°-
Bis (prolinato) iron(ll)
A solution of lithium prolinate was prepared by dissolving equimolar 
quantities of lithium hydroxide monohydrate and L-proline in water (50 mis). 
This was warmed on a steamed bath for 30 minutes, cooled, filtered and the 
filtrate added to a solution of iron(ll) chloride tetrahydrate in absolute 
ethanol. A pale blue fine precipitate came down which was difficult to 
filter. After slowly filtering the precipitate off, it was washed with 
water, then absolute ethanol, then dried for 6 hours. The compound was 
extremely air-sensitive. Analysis showed that lithium chloride was present 
as an impurity.
Found: Fe, 15*0; C, 40*2; H, 6.9; N, 8.4$. Calculated for
Fe(Proline)2.Et0H.H20: Fe, 16.0; C, 41.4; H, 6.9; N, 8.0$.
Bis (hydroxyprolinato) iron(Il)
This was prepared in the same manner as bis (prolinato) iron(ll).
The product (in a low yield) was a pale blue sticky precipitate, .Analysis 
again showed the presence of lithium chloride.
Glutathionatoiron(II)
The preparation of this compound was attempted in both-aqueous 
solution and in a 50*50 water-ethanol solution. The appearance of the 
products varied considerably. Quantities of lithium hydroxide monohydrate 
and reduced glutathione in the ratio 2 moles LiOH.H^O to 1 mole glutathione, 
were dissolved in water, then added to a solution of iron(Il) chloride 
tetrahydrate in either absolute ethanol or water. When ethanol was used, 
the product was a pale blue curdy precipitate which apparently decomposed 
on washing and drying to a pale brownish product. No satisfactory analysis 
was obtained.
When a totally aqueous environment was used, a grey, translucent 
waxy precipitate, which had a large bulk, came down. It seemed to be a 
highly hydrated crystalline material in nature. On drying, however, the 
precipitate lost much of its volume i^ yQffo), the product being a dirty brown 
crystalline powder. No satisfactory analysis was obtained.
Bis (y^-alaninato) iron(ll)
The preparation was attempted by making an equimolar mixture of 
lithium hydroxide monohydrate and alanine in ethanol. This y/as heated
on a steam bath for 30 minutes, allowed to cool, filtered, and the filtrate 
added with shaking to a solution of iron(ll) chloride tetrahydrate (half the 
molar quantity of the other components) in ethanol. A white-grey precipitate 
formed which redissolved as all the filtrate was added. On cooling and 
stirring a dark grey precipitate came down which was not easily filtered.
It was, however, filtered off, washed with ethanol and dried for 5 hours 
under vacuum. The dry compound was air-sensitive. No satisfactory analysis 
was obtained, although chloride was present as an impurity.
Bis (4-aminobutyrato) iron(ll)
This preparation was attempted by dissolving a mixture of
4-aminobutyric acid and ethylamine in water, and adding this slowly with 
shaking to a solution of iron(ll) chloride tetrahydrate in ethanol.
A grey-blue precipitate came down which was filtered off, washed with 
ethanol and dried for 5 hours under vacuum. The dry compound was very 
air-sensitive. No satisfactory analysis was obtained. The product is 
apparently a 1:1 iron:4-aminobutyric acid dichloride complex, with possibly 
some ethanol also complexed.
Bis (tyrosinato) iron(ll)
Difficulty was also experienced in obtaining any complex of iron with 
tyrosine. This may well be due to the phenolic group forming a strong 
intramolecular hydrogen bond to the carboxylate group. A blue-white, 
air-sensitive solid was obtained, but analysis proved unsatisfactory.
3*2 Reaction of the Iron(ll) Amino Acid complexes with Nitric Oxide.
In all cases, unless otherwise stated, the complexes were dried under 
vacuum at room temperature with constant pumping.
1. Bis (glycinato) iron(ll) rrltrosyl
Bis(glycinato) iron(ll) (0.015 moles) was prepared as a suspension 
in methanol by the method described earlier. The suspension was stirred 
under an atmosphere of nitric oxide, at room temperature, until no further 
reaction occurred. The reaction took place in 30 minutes, in which time 
approximately one mole of nitric oxide was absorbed per mole of iron complex. 
The initial white compound became dark green on reaction. The solid was 
filtered off, washed with methanol and dried for 5 hours under vacuum.
In solution the compound is fairly stable, turning brown slowly on exposure 
to the air; the dry compound is more stable, only a slight change in colour 
occurring after several days exposure.
Found: Fe, 23.3> C, 20.7; H, 3.6; N, 17.7$. Calculated for 
Fe(Gly)2N0: . Fe, 23*9; C, 20.5; H, 3.4; N, 17.9$.
2. Bis (tryptophanato) iron(II) nitrosyl monoh.ydrate.
Bis (tryptophanato) iron(ll) v/as prepared from iron(ll) chloride 
tetrahydrate, L-tryptophan and lithium hydroxide by the method described 
earlier. The precipitate formed was filtered off and washed thoroughly 
with water to remove any lithium chloride. The precipitate was then 
transferred, under nitrogen, into a reaction vessel containing water.
The flask was evacuated, filled with nitric oxide, and the mixture was 
stirred under nitric oxide until no further gas was absorbed. The reaction 
was completed within 5 hours, the initial white precipitate becoming dark 
brown as the reaction proceeded. The brown compound was filtered off, 
washed with methanol and dried for 8 hours under vacuum with constant 
pumping. The dry compound appeared stable on exposure to the atmosphere.
Found; Fe, 11.3; C, 50*2; H, 4*6; N, 13*4$. Calculated for 
FeCrry^NO.HgO; Fe, 11.0; C, 51.8; H, 4*7; N, 13.7$.
3* Bis (serinato) iron(ll) nitrosyl.
(a) Bis (serinato) iron(ll) was prepared as a suspension in methanol 
as described previously. The suspension was stirred constantly under an 
atmosphere of nitric oxide until there was no further uptake of nitric oxide. 
The reaction was complete in 2 hours, approximately one mole of nitric oxide 
being absorbed per mole of iron. The-white precipitate became olive-green 
as the reaction proceeded. The solid was filtered off, washed with methanol 
and dried.
Found; Fe, 18.0; C, 25.3; H, 4*3; N, 9«7^« Calculated for 
Fe(Ser)2N0.H20; Fe, 17-9; C, 23.1; H, 4*5; N, 13*5$.
As can be seen, the theoretical and experimental values for the analyses 
agree in every respect other than that for nitrogen. Repeat preparations 
produced similar results.
(b) A sample of bis (serinato) iror(ll) was filtered off, washed with 
methanol .and dried under vacuum. The solid was then transferred under
nitrogen into a reaction flask containing dimethylformamide (50 mis).
The reaction with nitric oxide was then carried out as before. The solid 
dissolved in the dimethyl formamide, and the brown solution obtained was 
evaporated to dryness, giving a brown-green solid, which was shaken with 
methanol, filtered off, washed with methanol and dried under vacuum for 
4 hours. The dry product turned brown on exposure to the atmosphere.
Found: C, 26.8; H, 5*6; N, 11;7^* Calculated for Fe(Ser)N0.2CH^0H:
c, 27.1; H, 4.9; 11.9$.
4* Bis (histidinato) iron(ll) nitrosyl.
A solution of bis (histidinato) iron(ll) was prepared by mixing an
aqueous solution of lithium histidinate and a methanolic solution of
iron(ll) chloride tetrahydrate. The orange-brown solution was stirred under
a nitric oxide atmosphere. The solution became a dark brown-green as the
reaction proceeded. The reaction was complete in 4 hours, the solution
absorbing approximately dhe. mole of nitric oxide per mole of iron, but no
precipitate came down. Absolute alcohol v/as added until a dark brown solid
appeared. This was filtered off, washed with absolute ethanol and dried for
6 hours under vacuum. The product appeared to be air-stable. Analysis
shows the presence of ethanol.
*
Found: C, 33«3; H, 4*3; N, 18.5#. Calculated for Fe(His)2N0:
C, 36.56; H, 4.4 ; N, 24.85^.
5* Cystinatoiron(ll) dinitrosyl
(a) Aqueous solutions of L-cysteine (2.4 g in 50 ®ls of water) and 
iron(ll) sulphate heptahydrate (2.8 g in 50 mis of water) were mixed and 
stirred under an atmosphere of nitric oxide. The solution immediately 
became dark green. A fine brown precipitate formed as the reaction 
proceeded. The reaction v/as complete within 5 hours, the solution having 
taken up apparently |*iti©mole of nitric oxide per mole of iron. The brown
dried in a desiccator. The dry compound was air-stable, no change in 
colour tak:;,ng place on exposure to the atmosphere.
• -4 m . ■
Found: Fe, 15.6; C, 20.0; H, 3*4; N,. 15.1^. Calculated for
I ■ - "  -
Fe(Cycy)(Nu)2: Fe, 15.8; C, 20.3; H, 3*4; N, 15.8$ "
(b) k suspension of lithium bis (cysteinato) iron(ll) was prepared by
mixing an aqueous solution of lithium L-cysteinate and an ethanolic solution 
of iron(ll) chloride tetrahydrate. The mixture was stirred under an 
atmosphere of nitric oxide. The pale yellow precipitate became darker as
the reaction proceeded. The reaction was complete after 3 hours, after
which time the solution had apparently absorbed one mole of nitric oxide 
per mole of iron. The precipitate was filtered off, washed.with water, 
then ethanol, and dried in a desiccator containing anhydrous calcium chloride. 
The dry compound, dark brown in colour, was air-stable, no change in colour 
or infra-red spectrum was observed after several weeks exposure to the 
atmosphere.
Found: Fe, 16.5; C, 20.9; H, 3*5; N, 11.3$. Calculated for
Fe(CyCyJ2N0.H20: Fe, 16.2; C, 20.9; H, 3*5; N, 12.2$.
6. Iron glutathione nitrosyl
Ail aqueous solution of dilithium glutathione (0.01 M) was added to an 
ethanolic solution of iron(ll) chloride tetrahydrate (0.01 M). A blue-white 
precipitate of iron(lIJ glutathione came down. This was stirred, as a 
suspension, under an atmosphere of nitric oxide. The solution became dark 
green, and the precipitate brown, as the reaction took place. One mole of 
nitric oxide was absorbed per mole of iron. The reaction was complete in
4 hours. The precipitate was filtered off, washed with water and ethanol
and dried under vacuum. The yield of the precipitate was very small, but 
infra-red analysis showed that the complex contained nitrosyl groups.
Found: C, 17*7; H, 3*2; h, 9*4$• Calculated for 
Fe(GIutj(-!!0)24H20: C, I/O; H, 3 0 ;  W, 10.0$.
The reactions of nitric oxide with further metal-amino acia complexes 
were carried out similarly. A suspension of the iron-amino acid complex 
in either absolute alcohol or a 50*50 ethanol water mixture was. stirred 
under nitric oxide. In all cases nitric oxide was absorbed, usually 
approximately one mole per mole of iron. In most experiments a brown 
precipitate appeared which was filtered off under nitrogen, washed with 
water, then ethanol, and dried under vacuum.
Infra-red spectra of these complexes did not show any strong 
absorptions due to coordinated nitrosyl groups. Similarly elemental 
analysis showed that the products varied considerably, but in all cases 
y/ere lower in nitrogen content than would be expected for a nitrosyl product.
Bis (phenylglycinato) iron(II) reacted very slowly with nitric oxide,
15 hours stirring being required for complete reaction. The orange-brown 
product had 110 nitrosyl stretching frequency in the infra-red spectrum. 
Elemental analysis suggests dimeric oxo-bridged species.
Pound: Pe, 11.55 C, 46.1; H, 4*6; N, 6.6$. Calculated for
A suspension of bis (alaninato) iron(ll) in ethapol absorbed nitric 
oxide, the reaction taking 6 hours to complete. The precipitate remained 
white,'the solution turning brown. The precipitate was filtered off, washed 
with ethanol and dried. The precipitate showed no nitrosyl stretching band.
A suspension of L-aspartatoiron(ll) in aqueous methanol was stirred 
under an atmosphere of nitric oxide. The colour of the precipitate changed 
to green-brown, the solution absorbing approximately one mole of nitric oxide 
per mole of iron. The precipitate was filtered off, washed Y/ith methanol 
and dried under vacuum. The brownish-yellow dry compound was air-sensitive 
turning brown on exposure to the air.
-1The infra-red spectrum showed a medium band at 1770 cm which could 
be assigned to a nitrosyl group. Elemental analysis was not consistent with
the formation of a stoichiometric nitrosyl complex.
Pound; Fe, 22.4> C, 22.6; H, 3*3> N, 6.8$. Calculated for 
Fe(Asp~H)(JO)0 g.CH^OH; Fe, 22.8; C, 24*5; H, 3*7; N., 6.9$.
A suspension of bis (glutaminato) iron(ll) in methanol was stirred
i
under an atmosphere of nitric oxide. The solution turned brown and the 
solid became yellowish-green. One mole of nitric oxide was absorbed per 
mole of iron. The solid was filtered off, washed with methanol and dried 
under vacuum. No nitrosyl stretching frequency was observable in the 
infra-red spectrum.
Found; C, 31*6; H, 5«3> N, 12*3$. Calculated for Fe(glutaminate).
(CH^O): C, 31.1; H, 5*6; N, 12.0$.
A suspension of bis (phenylalaninato) iron(ll) in water wras stirred 
under nitric oxide for 2 days. The solution absorbed nitric oxide slowly 
giving an air-stable orange-brown solid product which was filtered off, 
washed with water and dried. The compound showed very weak ligand absorptions 
in the infra-red and elemental analysis indicated that the product was 
hydrated iron(lll) oxide.
When a suspension of bis (glycylglycinato) iron(ll) in methanol was
stirred under an atmosphere of nitric oxide the solution absorbed nitric
oxide rapidly, the white precipitate becoming brown. Approximately one 
%
mole of nitric oxide was absorbed per mole of iron. The solid was 
filtered off, washed with methanol and dried. The infra-red spectrum 
showed a weak shoulder around 1800-1750 cm"^ but the analysis for iron 
was not consistent with any logical formula.
A suspension of glutamato iron(ll) in aqueous ethanol was stirred . 
under an atmosphere of nitric oxide. The white precipitate gradually 
turned brown as the reaction proceeded. Approximately one mole of nitric 
oxide was absorbed per mole of iron. The brown solid was filtered off, 
washed with ethanol and dried under vacuum. Elementary analysis suggests 
that the.complex is an oxidised product.
When a suspension of bis (methioninato) iron(ll) in aqueous ethanol 
was stirre.l under an atmosphere of nitric oxide the pale blue precipitate 
became bro rn as the reaction proceeded. Approximately one mole of nitricj
oxide was absorbed per mole of iron. The brown solid was filtered off, 
washed with water, then ethanol, and dried under vacuum. No nitrosyl 
absorption was present in the infra-red spectrum. Elemental analysis 
suggested that the complex was an oxidised iron-methionine-hydroxy complex, 
- Found: C,.-28.95 H, 5*6; N, 6,&fo0 Calculated for LigFeCMetJgCOHjg':
C, 28.7j H, 5.5; N, 6.71o. Calculated for LiFe(Met) Cl: C, 30.5; H, 5.1;
N, 8.0
A suspension of cystinatoiron(ll) in aqueous ethanol was stirred -under 
an atmosphere of nitric oxide. The pale yellow precipitate turned a 
dark-brown as the reaction proceeded. The solution absorbed approximately 
one mole of nitric oxide per mole of iron. The brown solid was filtered 
off, washed with water and ethanol, and dried under vacuum. The infra-red 
spectrum of the solid showed no absorption at the nitrosyl stretching 
frequency and elemental analysis suggested an oxidised product.
Found: C, 20.6; H, 3*8} N, 8.0$. Calculated for Fe(Cycy)(0H)2s
C, 21.4; H, 3.6; N, 8.3$.
A suspension of bis (S-methyl cysteinato) iron(ll) in aqueous ethanol 
was stirred under an atmosphere of nitric oxide. The pale blue precipitate 
became dark brown as the reaction proceeded. Approximately one mole of 
nitric oxide was absorbed per mole of iron. The reaction was complete in 
4 hours. The brown solid was filtered off under nitrogen, washed with 
water and ethanol and dried under vacuum. The infra-red spectrum of the 
dry compound showed that no nitrosyl group was present and only weak ligand 
absorption bands. Elemental analysis showed that the complex was rapidly 
decomposing to a product whose analysis was similar to that expected for
Y/hen a suspension of bis (nicotinato) iron(ll) tetrahydrate in aqueous
ethanol wa,;> stirred under an atmosphere of nitric oxide, the yellow
i5
! i  *
precipitate became light-brown as the reaction proceeded. Approximately
I
one mole of nitric oxide was absorbed per mole of iron. The reaction was 
complete Y/ithin 3 hours. The light brown solid was filtered off, washed 
with water, then ethanol and dried under vacuum. The solid showed no 
absorption due to a nitrosyl group in the infra-red spectrum. Elemental 
analysis suggested an oxidised nicotinate complex.
Found: Fe, 14*55 57*0; H, 3*2; N, Calculated for
Fe(Nic)2.Cl(H20)5: Fe, 14.0; C, 36.2; H, 3*5; N, ?.C$.
It was thought that decomposition of the complexes might occur through 
drying the complexes under constant pumping. In an attempted preparation 
of bis (methioninato) iron(ll) nitrosyl, the product was dried over 
phosphorus pentoxide. The product was the same. The preparation of 
bis (S-methyl cysteinato) iron(Il) nitrosyl was attempted, drying the 
product by passing a steady stream of dry, oxygen free nitrogen through 
the solid. Again, no change in composition of the product was found.
CHAPTER Itf . 
RESULTS AND DISCUSSION
4. Result3 and Discussion
4.1 Iron-tari.no Acid Complexes
JiMetal amino acid complexes have long been of interest to the chemist
fit
as models for possible metal-ligand systems and interactions which may 
occur in nature. Complexes of copper and cobalt are well characterised.
In contrast to this, complexes of iron, particularly in the divalent state, 
are, with the exception of the sulphur-containing amino acids, scarce 
and poorly characterised.
4.1.1 Amino-Acids Containing Single Terminal Carboxylic Acid and Amino Groups
No simple 2:1 amino acid complexes of iron(ll) are reported in the
literature. There has, however, been mention of some glycine complexes
217 218being prepared in highly acidic media ’ .
In this work simple anhydrous 2:1 amino complexes have been prepared 
as outlined previously.
(a) Magnetic Measurements
High-spin d^ compounds in regular octahedral configurations
ground term) are expected to have a magnetic moment of ca. 5*4 B.M.
2q5
at room temperature , which is nearly temperature independent.
Increasing electron delocalisation and distortion from cubic symmetry can 
cause the magnetic moments to be closer to the spin-only value of 4*90 B.M.
The simple amino acids, containing only single amino- and carboxylic 
acid groups, form iron(il) complexes which are magnetically dilute, 
obeying the Curie-Weiss law, with room temperature magnetic moments in the 
region 5*1-5*4 B.M. with Weiss constants which are zero or deviate only 
slightly from zero (Tables 8-12, Figs, 25-29). This is the expected value 
for high-spin iron(ll) in an octahedral environment. Bis (glycylglycinate) 
ircn(ll), not strictly within this class, being a dipeptide containing a 
-CO-NH- group, is the only complex to show any appreciable change of
CImplex
(
y & . j B . M . )  
' eff o 
(295 K)
9 °K (295 °K)
Fe(Gly)2 5.28 -5
Fe(Ala)2 "5.13 0
Fe(Phgly)2 5.28 0
Fe(Phala)2.2H20 5.69 +5
Fe(Glygly)2 5.38 +1 3
Fe(Ser)2 5.29 0
Fe(Asp-H)^2H20 . 5.22 +13
Fe(Glu).2H20 4.52 0
Fe(Gln)2 5.58 -8
Fe(Try)2 6.18 +179
Fe(His)2.2H20 4*77 +8
Fe(Met)g 5.75 ♦5
Fe(MeCys)2 5.96 +31
' U 2Fe(Cys)2.xH20 4.86 +90
Fe(Cycy) 5.44 +23
Fe(Nic)2.^ fH20 5.85 +10
Fe(Nic)_oZf-H_0 
5 £ 4.37 -13
I
Table 6
Complex and Colour Reflectance Bands (cm~^) ( T ---fE )2g g
Fe(Gly)^ , cream 10800 sh 8300 Sr
Fe(Ala)2 » off-white 10000 w . sh■ 9400 vw sh 8000 ms
Fe(Phgly) f grey-blue 11800 m. 7300 m
Fe(Phala)2*2H20t blue-white 11800 m 9400 w
Fe(Leu)2.2H20 , pale blue 13200 s 9400 m
Fe(Glygly)2 * white 9600 6 8400 ms
Fe(Ser)2 t grey-blue 12200 m 8300 w
Fe(Asp^SHgO.-i off-white 11400 m 10300 s 3800 m
Fe(Glu)#2H20., pale blue 11400 m 10400 s 6200 m
Fe(Gln)2 , pale blue 14200 m 11000 w 83OO w sh
Fe(Try)2 , white 10700 w eh 8000 m
Fe(His)2*.2H20 » white 11700 tn 10000 w
Fe(Met)2 * pale blue 12300 6 8300 m
Fe(MeCys)2 , pale blue 13000 eh 11800 m 8400 sh
Fe(Cycy) , white 11800 m 9600 sh
Li;3Fe(Cys)p.xH 0, yellow-
brown
12000 m 8000 m
Fe(Kic)2*4H20, bright yellow 13000 w 11300 s 9400 m
Tab. e 7® Hossbauer Data for Iron Amino-ncid Complexes
i
Complex
—1Hossbauer Parameters ( mm s )
S A E (Temp.= 77°K)
Fe(Gly)2 1,225 2.82
Fe(Phgly)2 1.19 2.90
Fe(Phala)2 1.19 2.53
Fe(Glygly)2 1.36 2.96
Fe(Ser)2 1.31 2.42
Fe(Glu)2'.2H 0 1.49 3.28
Fe(His)2.2H 0 • 1.38 2.65
Fe(Met)2 1.21 2.58
Fe(MeSCy>2 1.21 2.72
Fe(CyCy)2 1.45 2.82
Fe(Nic)2.4H20 1.44 3.30
Fe (Isonic) 2*ZfH20 1.44 3.42
Fe(Glu-NH2)2 1.10 2.28
Bis(glyc i nat o )i ro n (1 1 )
X A X 1 0  6 -V%A T(°K) (3.
11789 85.1 295.3 5.28
13252 75.4 262.7 5.28
15180 65.9 230.3 5.29
17709 56.5 198.2 5.30
21287 47.0 166.3 5.32
26395 37.9 135.5 5.34
34563 28.9 103.8 5.36
40558 24.5 *■ 89.6 5.39
Diamagnetic correct!;,;n= -74x 10~6 c.g.s.u.
Table 9
Bis(alaninato)iron(II)
106 ' 1/X1 T(°K) (B.
11136 ' 89.9 259.8 5.13
12486 80.1 262.5 5.12
14287 70.0 230.4 3.13
16597 60.3 198.9 5.14
19763' 50.6 166.8 5.13
24227 41.3 135.3 5.12
31169 52 • 2 103.5 5.08
36156 27.7 89.5 5.09
Diamagnetic correction=
-6
-86x10 Cmi^ • s . u .
Bis(phenylglyclnato)±ron(II)
1C)6 u o q T(°K) (1effVi
11730 84.9 295.4* 5.28
13186- 75.8 262.6 5.26:
15088 66.3 230.4 5.27
17577 56.9 198.3 5.28
21103 47.4 166.1 5.29
26122 38.3 135.1 5.31
34003 29.4 103.4 5.30
39.354 25.4 89.4 5.30
Diamagnetic correction -93 x 10~6 e.g. s»u»
5F a b l e  11
B£b(phenylalaninato)iironCII) dlhvdrate
PCA x 106 v x A $(°K) eXf''
13696 73.0 295.5 5.69
15421 64.9 262.8 5.69
17548 57.0 230.4 5.69
20308 49.2 198.4 5.68
24061 41.6 166.5. 5.66
29353 34.1 135.3 5.62
37972 26 0 3 103.5 5.61
43896 22.8 89.5 5.61
*
Diamagnetic correction = -114 >: 10"6 c,{2. s*u*
Bis(r;lyc,yIj-Iycinato )iron (11)
X  x 106 1 / %  T(°K) X  (B.H.)
a  ' a eif
12263 8 1 .3  293.3 3.38
13373 73.7 2 6 2 .8  5.34
13768 63.4 230.3 3.39
18342 34.5 .198.7 3.40
21676 46.1 164.2 3.34
26782 37.3 130.3 3.48
34863 2 8 .7  98.7 3.23
40222 24.9 81.3 3 .1 2
Diamagnetic correction^ -69x 10"’° c.g.s.u.
Table 13
BisChistiriinoto)iron(II) dihvdrate 
X A x 10b ‘ 1 / X h T(°K)
9687 ,1 0 3 .2 293.3 4.77
11889 84.1 2 6 0 .0 4.97
13320 74.0 230.3 4.99
14838 67.3 198.3 4.86
17842 36.0 1 6 6 .0 4.87
22067 43.3 133.3 4.83
28786 34.7 1 0 2 .8 4.86
33272 30.1 83.3 4.77
Diamagnetic correction^ -193x10~° c.g.s.u.
| * 25
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magnetic moment with temperature, the reciprocal magnetic susceptibility 
obeying tho Curie-Weiss law with a Weiss constant of +13°. This is thought
lr
I
to be due o weak bridging of the carboxylic acid group giving rise to
f ' ■ ' ■ ■
weak antiforromagnetic interactions.
(*) i’iossbauer Measurements
The Mossbauer parameters for these compounds (Table 7) bear out the 
assignment of an octahedral high-spin iron(ll) configuration to the 
complex (see Fig. 20). When a complex may exist in both cis- and trans­
isomers, as in the case with an asymmetric bidentate ligand, coordinating 
in an oc^iedral configuration, the quadrupole splitting is not the same 
for each isomer. Trans-isomers, in general, have larger A E  values 
(**3*1 for Fe(ll), high-spin) than the cis-isomers {^1.8 for Fe(ll), 
high-spin). The values obtained for the amino-acid complexes suggest a 
trans-configuration (XIV), the 5th and 6th
HC-R
R-CH
(XIV)
c.
0
coordination positions -being weakly coordinated to carboxyl groups from
units above and below.
(c) Reflectance Spectra 
(5) 4 2
High-spin iron^has a t2geg configuration and the electronic ground 
5
term D. No other quintet state is present. In octahedral symmetry the
5 5D level will split into an orbital triplet ^ g  level an orbital
5
doublet, E , excited level. The result of this is that octahedral,
high-spin iron(ll) complexes are expected to exhibit one weak electronic
5 5transition, ^ g *^E , in the near-infra-red region. Distortion from 
octahedral symmetry, as might be present in a complex of type (XIV),
u a u o c o  m  \ j  ucuiug ,
present.
2+
Studies of the absorption spectrim of the pale green ion, !Fe(H20)£
i —1 5 5
have assigned the double peak at 10,000 cm as the ■ *2g"~^ g transition
split by approximately 2000 cm  ^due to Jahn-Teller distortion. Several
smaller peaks, beginning at 20,000 cm~^ and going upwards were assigned
5 \ 3 3
to the spin-forbidden, ^2g lg* 2g e^c* transitions.
The simple.amino acid complexes all contain two bands, one in the 
region of 11,000 cm”  ^and a second, generally weak band at 8,500 cm \
(Table 6). The spectral data are therefore’indicative of distorted 
octahedral configuration.
(d) Infra-red Spectra (Tables 14-13)
Infra-red spectra of metal complex^ can be useful in assigning
coordination sites in metal-ligand complexes.
The only coordination sites in these ligands are the amino group and
the carboxylic acid group.
The infra-red spectra of amino acids contain a broad, strong -NH^+
stretching band in the region 5100 cm \  Combination of this and overtone
bands often extends the absorption to about 2000 cm \  The overtone region
contains a prominent band at approximately 2100 cm \  assigned to the-
4"combination of the asymmetrical bending vibration and the torsional
§ , |  
oscillation of the group. This band is absent if the -NH^ group
is substituted or the^  group is deprotonated. The infra-red spectra of the
free amino acids L-glycine, L-alanine, L-phenylglycine and L-phenylalanine
all show the presence of a medium band at 2100 cm  ^which disappears in
the metal complex, indicating that the amine group is unprotonated. In all
four metal complexes the increase in frequency of the N-H stretching
vibration in the region of 5100 cm  ^to 5250 cm  ^indicates that the
amino group is coordinated to the iron.
Table 14
Ja-Glycine
(cm" )
Bis(glycinato)iron(lI) ^
(cm*" )
Nitrosyl Product 
(cm"" )
3400 m.,v.b. 3440 v.w*,b. 3460 w.
- 3320 s.,sh. 3310 s.,sh.
- 3260 s.,sh. 3210 s.,sh.
3130 s.,sh* 3170 s.,sh. 3123 s.,sh.
2800 s.,v.b. - -
2700 s.,sh. - -
2600 s.,sh. - -
2300 s.,v.b. - -
2300 m. ,b. - -
2100 m,,b. - -
- - 1748 s.,sh.
- 1630 v.s.,b. 1635 s.,b.
1390 v.s.,b. 1600 v.s,,b. 1600 s.,sh.
1300 v.s.,b. - 1371 s.,sh.
1430 s,,sh. - 1442 w.,sh.
1400 v,s.,b. 1403 m.,b. 1403 w.,b.
1320 r.s.,sh. 1330 v. s.,b. 1355 w.
- 1310 s.,sh.
1130 w.,b. 1180 w. ,b. 1133 s., sh.
1100 m,,sh. - 1129 s.,sh.
1082 s., ah. 1062 s.* sh.
1030 m,tsh. 1013 v.s.,sh. 1049 s.,sh.
- 935 s.,sh. 955 w.,b.-
910 s.,sh. 908 s.,sh. 916 w.,b.
 ^890 s.,sh. ~ '
'690 s.,v.b* 725 s.,sh. 725 s.,sh.
Table 13
L-Alanine , 
(cm
Bis(alaninato)iron(II)
(cm
 ^ Nitrosyl Product
3065 32^0 v*s.,b.
— 3130 v.s.,sh*
2720 s.,b. 2710 w.
2660 w.
2590 6*,b. 2600 w.
2260 W«. - 2230 w*,b.
2115 sM b. -
1840 w. T840 v.w.,b*
1620 s* I650 v.s.,b.
1^90 s.,b* 1600 s.,sh.
1510 w. -
1^03 6* , sh* 1^00 m.,sh. No nitrosyl
1505 s.,sh* 13^5 v.s.,sh*
- 1279 v.s.,sh. product formed
1237 e.fah* 1230 w.
to* 1220 w.
1168 w. 1170 v.s.,b.
1130 s.,sh. 1128 s*,sh.
1115 s*»sh. 1103 v.s.,sh.
W» 1070 w.
1030 S. 1030 w.
1013 s.,sh. «■»
920 6« 923 s •
830 s. 860 V . S * ,  830. s.
770 s.,sh. 782 v.s.,775 v.s.,
722 w* 722 w.
64-8 s.,sh. 660 s.,v.b.
Table 16
L-Phenylglycine
(cm
Bis(phenylglycinato)iron (II2.^
(cm
Nitrosyl Product
3^00 w., v.b. 3360 s *|v.b.
J>0b0 s. 3290 s.
2300 w. ,b. 2300 w.,b.
2100 w.,b. -
19^1 w. -
1638 s.,sh. 1638 s.,b.
1628 s.,sh. -
1608 s.,sh. -
1380 v.s. 1390 s.,sh.
1316 v,e 1^93 s.,sh.
1^30 v.s. 1^30 v.s.
1^00 s.?sh. 1398 s.,sh.
1373 s.,sh. 1373 s.*sh. No nitrosyl
1380 s.,sh. 1 w.
1335 w. 1333 w. product formed
1320 w. -
1293 w# 1230 w.
1202 s* tsh. 4
1163 w. -
11^ +3 s.,sh. 11 k 0 v . v/.
1106 V. Y/ . 1100 s.,sh.
1080 s.,sh. 1070 s.,sh.
10^8 s.,sh. 1030 s.,sh.
1023 w. 980 s.,sh..
920 s.,s^. 930 w.
900 6 • t sh • 913 w.
731 v.s.,sh 735 v.s.,sh.
700 v.s. , sh 700 v.s.,sh.
Table 17
L-Phenylalanine
(cm” ‘}
Bis(phenylalaninato)
iron(Il) dihydrate .
(cm“ )
Nitrosyl Product
3380 s.,sh.
- 3290 s.,sh.
- 3130 m.,b.
2900 s.,b. -
2730 v.s.,sh. 2710 m.,b.
2650 m. ,b. 2660 m.,b.
2300 m.,v.b. 2330 m.,v.b.
2100 m.,b. -
1830 w.,v.b. ~
— 1670 s.,b.
1620 m.,b. 1630 s.,b.
- 1390 s.,b.
1330 v.s.,b. 1333 v/. , sh.
13^0 w.,sh.
1^73 s.,b. 1^90 m.,b.
1^30 s.,b. 1^40 s.,sh.
1^03 s.,b. 1393 s.,sh.
1380 m.,sh. 1330 m., sh. No Nitrosyl
1320 m.,sh. 1333 m.,sh.
1290 s.,sh. 1303 m.,b. Product Formed
1280 s.,b. 1233 m.,b.
1220 m.,b. 1230 w.,b.
11^3 m.,b. 1130 m.,b.
1120 m.,b. 1098
1070 m.,sh. 1070 v/.,sh.
1022 m. , sh. 1033 s.,sh.
930 m.,b. 978 ra.,sh.
9^3 w.,b. 930 v/., sh.
910 m.,sh. 913 w.,sh.
8^ +2 s.,sh. 8*f0 w.,sh. .
778 m.,b. 730 s.,sh.
7^2 s.,sh. 720 ra.,sh.
693 s.,sh. 693 s.,sh.
673 m.,b. — ■
663 m.,b. -
Table 18
L-Glycylglycine
(cm"1)
Bis(glycylglycinato)iron(II)
(cm"1)
Nitrosyl
Product
3280 v.s*,sh. 3280 v.s.,sh.
3050 s.,b. 3030 s.,b.
2613 w. 2613 s.,sh.
2050 w. ,b. 2030 w.,b.
1673 s.,sh. 16?8 s.,b.
1638 s.,sh. 1638 s.,sh.
163O s•,sh• 1628 s.,sh.
1583 s.,sh. 1370 s.,v.b.
13^0 m.,v.b. 1^03 s.,sh.
1^03 s.,sh 1360 m.,sh. No nitrosyl .
1333 s.,sh. 1333 s.,sh.
1309 s.,sh. 1309 s.,sh. product formed
1230 w.,sh. 1230 m.,sh.
1230 w.,sh. 1232 w.,sh.
1139 6.,sh. 1138 s«,sh.
1133*1130 m.,sh. 1130 w.,11^3 5•1sh«
1093 s.,sh. 1093 s.,sh.
- 1023 s.,b.
1000 v.s.,sh. 1000 v.s.,sh.
.962 v.s.,sh. 9b2 v.s.,sh.
918 v.s.,sh* 918 v.s.,sh.
893 s.,sh. 893 s.,sh.
;
The carboxylic acid group of amino acids shows two significant
absorptions, a strong band at 1600 cm \  due to the asymmetrical sti'etch,
and a weaker band at about 1400 cm 1 due to the symmetrical stretch.
The difference between these bands in a metal complex, compared with the
separation in the free acid is indicative of the mode of bonding. The
L-glycine, L-alanine and L-phenylalanine complexes show an increase in
the separation on complexing, indicating that the carboxylic acid group
was acting as a monodentate ligand. The L-phenylglycine complex, however,
shows a slight decrease in separation of the bands on coordination,
indicating that the carboxylic acid group is acting as a bidentate ligand.
L-Glycylglycine contains an amide linkage which gives rise to
additional N-H absorptions in the regions 5330-3060 cm  ^and 1653-1590 cm
and C—0 bands in the region of I65O cm**1".
Table 18 shows the absorption bands for the free peptide and the
iron complex. Since the separation between the asymmetric carboxylic acid
band (1585 cm**1" in the free ligand, and 1570 cm**1 in the complex) and the
asymmetrical band (1405 cm"1' in both complexes) decreases on formation of
the complex, the carboxylic acid group is probably acting as a bidentate
-1
ligand, bridging between two iron centres. Since the band at 2050 cm is
present in the complex as well as the ligand, it is unlikely that the
amino group is coordinated. The slight change in carboxyl stretch
(1675 cm"1 in the free ligand and 1678 cm 1 in the complex),together with
-1the unchanged band at- 3280 cm (assignable to N-H stretch) suggests that 
the chelation in the complex is through the amide oxygen atom (forming a 
7-membered ring) rather than the nitrogen atom (giving a 6-membered ring),
4.1,2 .Amino Acids Containing Heterocyclic Nitrogen Atoms as well as an 
Asnino Group
Two amino acids were studied : L-histidine and L-tryjrtophan. There
are no'reports of any iron complexes of these amino-acids being isolated.
Table 19
Bis(tryptophanato)iron(II) •
XA x 106 v X A T(°K >
16186 61.8 293.3 6.18
17230 58.0 260.5 5.99
18361 54.4 226.8 5.77
19989 50.0 195.8 _ 5.58
21939. 45.6 162.1 5.33
24634 40.6. 130.0 5.06
Diamagnetic correction^ -264x10 ^ c.g.s.u.
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In each case a 2:1 complex was obtained, although in the case of histidine 
it was hydrated.
i
(a) M agnetic Measurements
\
The magnetic moment of the L-histidine complex (Table 15 * fig* 30), 
4*77 B.M., independent of temperature, is close to that expected for high- 
spin iron(ll) in an octahedral configuration. The reciprocal molar 
susceptibility obeys the Curie-Weiss law with a small value of 6 , + 7*5°> 
indicating some slight antiferromagnetic behaviour. The magnetic moment 
bis (tryptophanato) iron(Il) (Table 19, Fig. 31) however, shows a large 
dependence on temperature, decreasing from 6.18 B.M. at 295°K to 5*06 B.M. 
at 130°K. The reciprocal susceptibility obeys the Curie-Weiss law, with a 
large value for Q , + 179°> indicating strong antiferromagnetic behavbur. 
The value of the magnetic moment is much higher than expected for high-spin 
iron(ll) in an octahedral configuration. It is not possible to account 
for this behaviour.
(b) Mossbauer Measurements (Table 7)»
The Mossbauer parameters for bis (histidinato) iron(ll) confirm the 
octahedral high-spin iron(ll) configuration, and suggests a trans- complex 
of the type (XIV).
(c) Reflectance Spectra (Table 6)
Both bis (histidinato) iron(ll) dihydrate and bis (tryptophanato)
iron(ll) possess two discernable bands in the near-infra-red portion of the
spectrum, one in the region of ll,u00 cm"*'*' and another at about 2000 cm ^
5 5lower frequency. These are assignable to 1’ —> E transitions,*~8 8
separated by distortion from octahedral symmetry.
(d) Infra-red Spectra
Amino acids containing heterocyclic nitrogen atoms have an additional 
frequency,', which is important when considering the assignment of 
coordination sites. This is due to the N-H stretch of the protonated 
heterocyclic nitrogen atom, and occurs in the region of 5400 cm .
In free histidine (Table 20) this band is shifted to a lower frequency
Table 20
L-Histidine
(cm”1)
Bis(histidinato)iron(II)
(cm"’1)
Nitrosyl Product
(cm”1)
3400 v.s.,b. 3560 s.,b.
.. 3160 w. ,b. 3220 s.,b.
• 3100 s.,b. 3140 w.,b. 31^0 s.,b.
2715 s.,b. 2710 m.,b. 2710 in. , b.
2680 s.,b. 2675 *n. ,b. 2660 m.,b.
23^0 m.,b. 2k00 w. , b. -
2310 w.,sh. 2290 w. ,b. -
2130 w.,b. 2100 w.,b. 2180 v.w.,b.
2023 m. ,b. - -
1783 w.,b. - 1738.v.s.,b.
163O s•fb• 1623 S.,b. -
1368 s. ,b. 1390 s.,b. 1603 v.s.,v.b..
1^03 m«»sh* 1^03 s.,b. 1400 s.,b.
13^5 s.,b. 1330 s.,b. 1330 s. ,b.
"13^ 2 S • }Sh* 1300 S.,b. 1320 s.,b.
1272 s*,sh. 1273 m. ,b. 1268 m.tsh.
12^3 s*,b. 1250 w.,b* 1230 w.,b.
ft* 1200 w.,b. -
1170 w.fb. 1160 m. ,b. 1163 m.,b.
114-2 s.,sh 1130 s•j b * -
1110 m. ,b. ~ 1110 m.,b.
1087 m.,b. 1090 s.,b. 1083 s.,sh.
1060 s.,sh* 1043 s .,b. 1030 s.,sh.
976 s. ,Sh. 975 m.,b. 1018 m.,sh.
960 s.jsh* 963 m. tb. 962 s.,sh.
920 s.,b. 923 m.,b. 935 w.,b.
«* 895 w.,b. 882 ra.,sh.
832 w*,sh. 83O m•,b « -
82^ m*,sh* 830 w. ,b. 823 s.,b.
795 wM sh. - -
78^ m. *sh* 775 m.,b. * 770 w.,b.
730 s., sh. "723 s.,sh. 723 m.,sh.
692 m.,sh. 680 w.,b. 680 w. ,b.
633 nu t sh. 660 s. ,b*
623 s.,sh. 603 s. ,b. 623 s.,sh®
3^0 m. ,b. < 360 m.,b. 555 s.$b.
475 m. ,b. ■^80 m. ,b.
if23 m.,b. kkO m. ,b. m.,b.
Table 21
L-Tryptophan ^  
(cm )
Bis(tryptophanato)iron(II)
Cera** )
Nitrosyl Product
'3400 v.s.,sh. 3395 s., sh 3400 s.,sh.
- 3360 w.,sh. 3310 w.,sh.
- 3290 w.,sh. 3260 w.,sh.
3040 s* ,sh. - 3040 w . t sh.
2300 m.,v.b. - 2300 w.,v.b.
• 2100 w.,b. - 2100 m.,b.
1779 s.,sh.
.. 1695 s.,sh.
1678 s.,sh. - 1668 s.,sh•
1613 s.,sh. 1398 v.s.$sh. 1613 s* »sh.
1383 s.,sh. 1370 s.,sh. 1382 s.,sh.
1352 e.,sh. . - 1333 w.,sh.
1463 v.s*t6h. 1463 s.,sh. 1488 w.
1432 v.s.,sh. 1450 s.,sh. 1430 s.,sh.
1422 s.,sh. • . mrn
1413 s.|Sh. 1413 s.,sh. 1410 s.,sh.
1378 s«,sh. 1375 s.,sh. 1373 s.,sh.
1363 w.,b. 1362 s.,sh. -
1333 s.,sh. 1332 w.,sh. 1338 s.,sh.
1342 s.,sh. 1340 w.,sh. 1340 s.,sh.
1318 s.,sh. 1318 s.,sh. 1313 s•,sh•
1230 w.,b. 1220 s.,sh. 1230 w.,sh.
1163 s.,sh. 1163 s.,sh. 1163 s.,sh.
1135 We - mm
■11&0 w. 1140 w. mm
1098 s.,sh. 1095 s.,sh. 1095 s.,sh.
1080 w.,b. 1080 s.,sh.
1068 s.,sh* — 1063 s.,sh.
1035 s.tsh» 1030 w.,sh. 1030 s.,sh*
1020 m.,be
i
1030 s.,sh. 1020 s.,sh.
3100 cm due to intramolecular nyarogen oonamg. ±x aoes, nowevex-, ctjjjjeaj.
-1
in the metal complex, 3400 cm , suggesting that the imidazole nitrogen 
does not take part in the coordination. The medium band at 2025 cm  ^in 
the free ligand, disappears in the complex, suggesting that the amine 
group is unprotonated. The shift in frequency of the N-H stretch from 
3100 cm  ^to 3160 cm  ^suggests the amino group is coordinated. The 
separation of the two carboxylic acid bands (1568, 1405 cm  ^in free ligand 
and 1590, 1405 cm"^ in the complex) increases, indicating that the 
carboxylic acid group is acting as a monodentate ligand.
The type of complex is, therefore, probably of type (XIV) the 
coordination positions above and below the plane being occupied by water 
molecules.
From the spectra of L-tryptophan and the related iron complex (Table 21), 
once again the amino group is coordinated, but the separation of the 
carboxylic acid bands decreases indicating that the group is acting as a 
bidentate ligand, which may account for the antiferromagnetic behaviour.
The presence of a sharp band at 3395 cm \  which can be attributed to the 
indole N-H stretch, indicates that the heterocyclic nitrogen atom takes 
no active part in the coordination.
4*1*3 Amino-Acids Containing Additional Groups (Excepting Sulphur-Containing 
Amino-Acids)
In this group, iron(ll) complexes have been prepared with aspartic and 
glutamic acids, from which 1:1 dihydrate complexes were obtained and serine, 
and glutamine, which both gave 2:1 anhydrous complexes.
(a) Magnetic Measurements
The magnetic moments of all these complexes (Tables 22-25, Pigs. 32-35) 
were close to the value expected for high-spin iron(ll), 5*3 B.M. and 
all showed little or no temperature dependence. The reciprocal molar 
susceptibilities of all the complexes pbeyed the Curie-Weiss law.
j Pintamatoiron(II) aihydrate:
1
/CA x 106 1/Xk T(°K) -/^(B.H.)
8646 115.6 295.5 4.52
9098. 109.9 263.5 4.38
10526 95.0 230.2 4.40
13006 76.9 198.2 4.54
15409 64.9 166.3 4.53
19808 50.5 134.3 4.61
25673 39.0 103.5 4.61
28513 35.1 89.5 4.52
ftDiamagnetic correction = -87 x 10 e.g.s*u.
Table 23 
Bls(serinato)iron(II)
x 106 l/Xk ®(°K) .
11854 84.4 295.4 5.29
13370 74.8 262.6. 5.30
15311 65.3 230.3 5.31,
17857 , 56.0 198.2 5.32
21415 46.7 166.1 5.33
26497 37.7 135.1 5.35
34567 28.9 103.0 5.34
40016 25.0 89.0 5.34
Diamagnetic correction = -90 x 10 c.g.s.u.
AsnartatoironfII) dihvdrate 
\  x 106 1 / X A T(°K) /^,(3.M.)
11535 86.7 295.0 5.22
12911 77.5 263.0 5.21
14601 68.5 230.9 5.19
16995 58.8. 198.5 5-19'
19820 50.5 166.5 5.14
24293 41.2 135.2 5.13
30929 32.3 103.3 5.05
35601 28.1 86.7 4.97
Diamagnetic correction = -90 x  10“ e.g. s.u*
Table 25 
Bis(glutaminato)lron(II)
X A sl06 1/XA T(°K)
13166 75.9 295.3 5.58
14957 66* 9 263.3 5.62
17056, 58.6. 231.2 5.62
19737 50.7 199.0 5.61
23701 42.2 166.8 5.63
29673 33.7 136.5 5.69
39753 25.2 104.5 5.77
45308 22.1 90.5 5.73
Diamagnetic correction = -137 x 10”6 e.g.s.u.
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of zero, bjss (glutaminato) iron(ll) having a value of -8° and aspartato 
iron(ll) drhydrate a lvalue of +13°* The latter two values suggest some
islight magnetic interaction within the complex.
(b) Iiossbauer Measurements (Table 7)
The Mossbauer parameters for bis (serinato) iron(ll) and glutamatoiron(ll) 
dihydrate are consistent with the assignment of an octahedral high-spin 
iron(ll) configuration to the complex. The high value for the quadrupole 
splitting of glutamatoiron(ll) dihydrate suggests a highly distorted 
octahedral structure.
(c) Reflectance Spectra (Table 6)
The reflectance spectrum of bis (serinato) iron(ll) gives rise to two
-1 -1  ^ 8 bands, 12,200 cm and 8,300 cm arising from T9 — ^ E electronic
<-& S
transitions, arising from distortion from octahedral symmetry. .
The spectra of glutamatoiron(ll) dihydrate, aspartatoiron(ll) dihydrate 
and bis (glutaminato) iron(ll) consist of three bands in the near-infra-red 
area. The presence of a third band cannot be directly attributable to 
distortion, but may arise from ligand over-tone bands.^
The coordination in complexes containing this type of ligand is 
complicated by the fact that the amino group and adjacent carboxylic acid 
group ...may coordinate to one metal atom and the other carboxylic acid group, 
in the case of aspartic and glutamic acids, or amide group, in glutamine, 
may be coordinated to*, a different metal atom.
(d) Infra-red Spectrum (Tables 26-29)
With this class of complex it is extremely difficult to assign the 
bands to a particular vibration, since, particularly with glutamic acid 
and aspartic acid, there is considerable overlap of bands. In all spectra 
the increase in R-H stretching frequency indicates that the amino group
is coordinated.
*
Table 26
L-Glutamic Acid 
(cm"1)
Glutamatoiron (II)
— 1dihydrate (cm )
Nitrosyl Product
3^00 v,s.,b.
-' 3360 s.,sh.
- 3290 s,,sh.
3100 s.,sh. 3175 v,s.,b.
2820 s.,b. 2720 m,,sh.
.. 2660 m,,b.
2610 s.,b. 2390 m,,b.
21^0 m.,sh. 23^ -0 m. ,b.
19^0 m. ,b. •H
1880 m. ,b. No Nitrosyl
1660 s.,sh» 1683 m.,b.
1620 s.,sh# 1630 m. ,b. Product Formed
1380 s.,b. 1390 s.,b.
- 1370 s.,b.
- 1333 s.,b.
1300 s.,b. 13^0 s.,b.
1^30 s.,sh. 1A 70 s.,sh.
1^20 m,,sh. 1^ -20 s.,sh.
- 139S s.,sh.
1370 m.,sh. 1330 s.,sh.
- 1320 s,,sh.
1293 s.,sh. 1280 s. ,sh.
1260 5*,b. 1270 nu,sh.
- 1210 w., sh.
1170 m,, sh- 1168 s.,sh. *
1130 s.,sh. 1130 m.,b»
1130 m., sh; -
1070 m.jShc 1093 s,,sh.
1003 m. ,b. 1o4o s.,sh.
- 983 m,,sh.
- 930 m,,sh.
910 m., sh. 928 m,,sh*
833 m.jsh,' 890 m., b.
817 m.,sh. 828 m,,sh.
780 nu,s‘h. 782 s.,sh.
7^0 m,,b. 7^0 m. ,b.
713 s.,sh.
683 m« »b. 63O m.,b.
L-Serine «
(cm ]
Bis(serinato)iron(II
(cm )
Nitrosyl Product 
(cm '
3000 s«• f v.b. 
2640 s.,sh. 
2480 m-,sh* 
2480 m. ,b.
2120 5•y b•
1635 s.,b.
1632 s.,b. 
1382 s.,b. 
1300 s.,sh. 
1403 m.,sh. 
1310 v.s.,sh. 
1243 v.s. , sh, 
1180 s.,sh. 
1149 s.,sh. 
1092 v.s.,b. 
1028 v.s.,b. 
980 v.s.,sh. 
900 v.s.,sh.
846 w.»sh. 
824 w.,sh. 
811 s.,sh«.
726 s.,b.
3360 rn.,b. 
3230 s.,b. 
3140 s.,b.
1600 v.s.,v.b.
14-10 m.,sh. 
1330 s.,b.
1310 s.fsh. 
1240 w.
1140 m.,b.
1090 s.,b.
1040 s.,b.
990 m.ysh.
913 w.
833 w.
813 w.
763 W.
720 m•t b.
Vn 
1 
O s»y b •
1600 v.s.,
1410 m.-,sh
1330 S . y b .
1310 s. , sh
1240 w.
1140 m. ',b.
1090 s. ,b.
1040 s . , b .
990 m., sh,
‘ 913 w.
• 855 w.
815 w.
765 w.
720 m . s b •
3360 m.jb. 
3230 s.,b. 
3140 s.,b.
TabLe 28
|  LJ.a I T H .
,
L-.uspartic acid 
(cm"1)
aspartatoiron(II)
dihydrate , -1s J (cm ;
Nitrosyl Product
' 3260 s.,v.b.
2900s. v.b. -
2700 w. 2710 w.
2500 m. b. -
2080 m. b. -
t890 m. b. 1770 rn. , b .
1690 s. sh. -
1640 s. sh. 1660 s.
1605 m. b. 1390 s.,v.b. No nitrosyl
1910 rn. b. -
1420 s. 
1380 s.
sh;
sh.
1413 v.w. product formed
1364 s. sh. -
13^0 s. 1350 s.
1310 m. v.b. 1315 s.,sh.
1250 s. sh. 1280 s.,b.,1230 s.,b•
1135 s. sh. • 1130 m. ,b.
1140 w. -
1120 w. b. 1120 m. ,b.
1080 v • \' * 1090 s.,b.
1043 m. b. 1020 s. f b.
990 s. sh. •»
935 v.v • 930 w. ,b.
900 s. sh. 903 s.,sh.
873 -s. sh. 863 w*
9m
■ . .....i
810 W.
Table 29
^•Glutamine , -1^
(cm )
(cm*"1)
Bis(glutamineto) iron (II) Nitrosyl Product
3400 s.,sh. 3360 m.,b.
3300 w.,b. 3270 s.,sh.
3200 m. ,b. 3190 m.,b.
3160 s., b. -
2710 w.,b. 2710 w.,b.
2610 w. ,b.
2020 s.jb. -
1682 s.,sh. 1662 s.,b.
1624 s.,b. 1628 s. ,b.
1382 s.,sh. 1393 s.fb.
1403 s.,sh. 1415 s.,sh.
1355 s.,sh. -
1332 s., sh. 1333 s.,sh.
1310 ra.,b. 1313 w.,b.
1279 s.fsh. 1280 w.
1238 s.tsh. 1260 W.yb.
1200 s.,sh. 1230 w.
- 1184 w.
1160 s.tsh. 1133 w.,b.
1130 s.tsh. 1130 m., b.
1103 s.«sh. 1108 w.,sh.
1083 s.1sh. 1080 v.w.
1030 s.,sh. 1060 w#
1038 s.,b.
998 s.,sh. 973 w.
949 w.
923 s.,sh. ‘ 922 w.
* 893 s.,sh. 893 V.w.
843 s.»sh* 840 w.,b.
809 v.s.,sh. 810 s.,sh.
773 s.,sh. 781 s.,sh.
mm 763 s.,sh.
720 s.,sh. 720 s.,sh.
No nitrosyl 
product formed
In the spectrum of the serine complex there is no evidence of 
coordination through the hydroxyl group. The OH stretch, present at 5000 cm  ^
in the free acid, moves to a higher frequency in the complex due to removal 
of any intramolecular hydrogen bonding. The carboxylic acid group appears 
to act as a bidentate ligand, although assignment of this is uncertain 
because of the very broad shape of the band at 1600 cm \
The spectra of L-glutamine and the corresponding iron complex (Table 29) 
indicate that the amino group and the adjacent carboxylic acid group are 
both coordinated, the latter as a mono-dentate ligand. This would be 
expected to give rise to a planar four coordinate structure, the 5'th and 6th 
coordination positions being weakly bonded to either the amide carbonyl 
group or amine group. There is evidence that both these groups are weakly 
coordinated (the NH stretch at 3400 cm”"*’ in the free ligand is shifted to 
3360 cm~^ in the complex, and the C-0 stretch at 1682 cm  ^in the free 
glutamine is shifted to 1662 cm  ^in the complex.
With glutamic and aspartic acids, difficulty arises in assigning the 
carboxylic acid stretching frequencies. The very broad nature of the 
bands makes definite assignment impossible, but because, of the general 
decrease in separation -of the symmetric and asymmetric bands suggests that 
both carboxylate groups are bidentate.
4.1.4 Sulphur-Containing Amino-Acids
It is within this area that most of the reported work on iron amino
*• 225 acid complexes has centred. Murray and Fewman recently reported the
preparation of iron(ll) complexes of methionine, S-methyl cysteine, cysteine
and thioglycollic acid. All the complexes were reported as hydrated.
In this work, anhydrous 2:1 complexes were obtained for L-methionine and
S-methyl cysteine, the latter being pale blue-white, compared with the
brick-red colour reported by Murray. Two cysteine complexes were recorded,
Bis( methloninato) lroa(.XX).
^ i l O 6 1/Xk T(°K)
14260 70.1 290.0 5.75
15878 62.9 259.3 5.74
17571 56*9 226.3 5.64
20993 47.6 194.6 5.71
24844 40.3 163.1 5.69
30591 32.7 132.3 5.69
40412 24.7 100.3 5.69
46271 21.6 86.5 5.64
Diamagnetic correction = -180; x 10“6 e.g. S.11.
Table 31 
Bls(S-methrB(^
Xk x 106 1 / ^  Qf( °K)
15043 66:. 5 294.8 5.96
16913 59.1 262.2 5.96
19083 52.4 228.7 5.91
21395 46.7 199.8 5.85
25355 39.4 162.5 5.74
30782 32.5 129.0 5.64
38721 25.8 94.2 5.40
44690 22.4 80.0 5.35
Diamagnetic correction = -129 x 10~6 C. g . S oil.
Lithium _B_i3(cyj31 elaatollron(IX) hydrate
'Xk x 106 1/^A T(°K)
10304 97.0 286.1 4.86
10944 91.4 255.1 4.71
11504 86.9 227.5 4.58
12545 79.7 195.8 4.45
14759 67.8 163.0 4.59
15745 63.5 150.5 4.05
19960 50.1 98.3 5.96
21480 46.6 84.2 5.80
Diamagnetic correction = -114 x 10~6 c.g.s.u.
x 106
Eable 35 
£y-.sJl.iiato.irpn.(.IXl),
a?(°x)
12660 79.0 292.8 5.44
14058: 71.1 262.8 5.44
16263 61.5 227.5 5.44
18853 55.0 195.0 5.40
22750 ' 44.0 160.3 5.40
27654 56.2 126.2 5.28
55115 28.5 90.5 5.04
40814 24.5 75.7 4.97
Diamagnetic correction = -234 x 10~6 e.g.s.u.
Fig, 36
Fe(Met),
80
jtj- O  ED □ --- □ ----ED----ED----ED
70
60
1
x
50
4o
20
10
/
/
/
/
/
eff
(B.M.
/
/
/
0
100 200 300
j Fig.37
Fe (MeCys) 2
20
10
3000
°K
Fig.38
39
Fe (OysC.ys)
1
%A
80
70
60
4-0
20
10
2000
7 */ ef: 
(B.K
a 1:1 complex and a 2:1 complex in v/hich the complex is anionic* Attempts,
in this wo3(Jk, to prepare similar complexes were not totally successful.
A complex fas obtained which appeared to be a dilithium salt of a 2:1
j;
cysteine complex.
(a) lvngnetic Measurements
The room temperature magnetic moments for this class of complex 
(Tables 5> 30-33> Figs. 36~39) in the region of that expected for 
high-spin iron(Il).
The magnetic moment of bis (methioninato) iron(ll) shows very little 
dependence on temperature. The reciprocal molar susceptibility obeys the 
Curie-Weiss law with a small V/eiss contant of —8°. The values for the 
hydrated methionine complexes reported by Murray had a value for the 
magnetic moment of 5*38 B.M. and a Weiss constant of +5°.
The magnetic moments of cysteine, S-methyl cysteine and cysteine 
complexes all show some dependence on temperature. All complexes obeyed 
the Curie-Weiss law, with large positive Weiss constants, indicating some 
degree of antiferromagnetic interaction. The values for bis (S-methyl 
cysteinato) iron(Il) reported by Murray were ~ 4«6l B.M. at 295°K,
no low temperature measurements being recorded. The values for the 2:1 
cysteine complex, MagFe^ys-Hjg.HgO were = 5*48 B.M., &  - 82°.
0>) Mossbauer Measurements (Table 7)
The values for the isomer shift for this class of compound confirm 
the high-spin iron(ll) configuration. The quadrupole splittings suggest 
an octahedral or distorted octahedral environment around the iron.
(c) Reflectance Spectra (Table 6)
The reflectance spectra of these compounds all show two (and in the 
case of the S-methyl cysteine complex, three bands in the region of 11,000 
cm  ^and 8,000 cm’*'*’ as would be expected for high-spin iron(ll) in a
distorted- octahedral configuration. The third bard of the S-methyl cysteine 
complex is unusual, perhaps being attributable to ligand overtones in the 
near-infra-red region.
(d) Infra-red Spectra
Analysis of the infra-red spectra is complicated by the presence
of the additional sulphur-containing groups: an SH group in cysteine, MeS
groups in methionine and S-methyl cysteine and a disulphide bond in cystine.
The S-H stretch present in cysteine appears as a medium band in the
range 2600-2550 cm~\ The CH^-S stretch appears in the region 700-600 cm \
although because of the variable position of the band, no use can be made
of this. Of more use are the CH^-S- bending modes (symmetric and asymmetric)
in the regions 1530-1290 cm  ^and 1440-1415 cm \  respectively. The
disulphide bond stretching frequency is very weak falling between 500 and 
-1400 cm .
The spectra of L-methionine and bis (methioninato) iron(ll) (Table 34)
suggest that the methionine is coordinated to the iron through the nitrogen
atom and the carboxylate group (acting as a bidentate ligand). It is
difficult to say with any certainty whether the sulphur atom is coordinated,
the separation between ^  CH,-S- and V  CH-,-S- increases slightly * asym 3 sym 3
on complex formation. This may be due to weak interactions within the 
structure. *
The spectra of S-methyl cysteine and bis (S-methyl cysteinato) iron(ll) 
(Table 35 )> however, suggest that coordination takes place through the 
amino group and the carboxylate group (acting as a mono-dentate ligand). 
Evidence also suggests a weak metal-sulphur interaction. This is in 
contrast to the binding mode proposed by Murray, who suggests that 
coordination took place through the sulphur and nitrogen atoms. This may 
account for the difference in colour between the two complexes.
Table 36 shows the infra-red spectra of L-cysteine and the related 
iron complex. Murray proposes that ligand coordination in complexes of 
this type is through the sulphur and nitrogen atom solely. Evidence from 
the infra-red spectrum, however, indicates that the amino group is coordinated.
Table 34
•■i
t-f Methionine Bis(methioninato)iron(lI) 
(cm”'1)
Nitrosyl
Product
■ V 3340 m.,sh.
- 3270 s.,&
3100 s.,v.b. 3180 v/. ,b.
2720 m.,b. 27IO w.,sh.
2660 w. ,b. 2670 w. ,b.
2610 w.,b* 2390 w.,sh*
2315 m»»stu 2313 w.,b.
2090 m.,b. -
1900 w.,b. -
1843 w,,b. 1830 w.,b.
1633 s.,b. —
1618 s.,b. —
1603 s.,be -
1388 s,,sh. .1373 V.s. ,b. No Nitrosyl
- 1330 s.,sh„
- 1340 m.,sh. Product Formed
1310 s.,b. 1303 w.,sh.
1410 s.,sh» 1^20 s.,sh.
1363 s.,sh. 1403 s*»sh.
1340 s.,sh. 1343 s.,sh„
- 1323 w.,sh.
1313-w.,b. 1309 rn.,sh.
1273 s.,sh. 1274 w.,sh.
1220 s*,sh. 1230 w.,sh.
- 1230 w.,b.
- 1180 w. ,b.
1160 s.-,sh. 1130 s.,sh.
110 -^ m. , sh. ' • —
1080 s.,sh. IO83 m.,sh.
1048 m.,sh. 1060 s.,sh.
1000 m.,sh. 1033 s.,sh.
938 m.,sh* 970 w.}b.
930 s.,sh. 942 m.,sh.
880 s.,sh. 883 w.,sh.
780 s.,sh» 793 s.,sh.
738 s.,sh'. 764 m.,sh.
740 w.,sh. 740 v/.,b.
720 s., sh. 720 m.,sh.
683 s.,sh. 700 m.,sh.
L- S-Methyl Cysteine 
(cm"1)
Bis(S-methyleyst 
iron(ll)
3^50 w.,b. 3350 S.ySh.
- 3318 s.,sh.
3020 s.,v.b. 3272 s.,sh.
272.0 w.,sh. 2720 w.,sh.
2680 w.,b. 2670 w.,b.
2590 s.,b. -
2340 m.,b. -
2090 m.,b. -
- 1730 w., b.
1633 m.,sh. 1633 m.,sh.
1613 s.,sh. -
1373 s.,b. 1390 s.,b.
1560 s.,sh. -
1340 m.,-sh. -
1 473 s * j b * 1452 s.,sh.
1412 s.,sh. 1^03 .s. 1410 s., sh.
1340 s.,sh. 1340 s.,sh.
1320 s,.sh. -
1299 s.,sh. 1309 m.,sh.
1263 w.,sh. 1233 m.,sh.
- 1230 rn.,sh.
1203 s.,sh. 1218 m.,sh.
- 1149 m.,sh.
1130 m.,sh. 1133 m., sh.
1100 m.,sh. 1100 s.,sh.
- 1080 s.,b.
1033 s.,sh. 1070 s.,sh.
■ - 1002 s.,sh.
960 m.,sh. 933 s.,sh.
930 s.,sh. 943 m.,sh.
- 918 m.,sh.
880 m.,sh. 896 w.,sh.
843 s.,sh. 844 w.,sh.
— 830 w.?sh.
782: m. j'sh. 812 ;s., sh.
- 743 s.,sh.
- • 730 s.,sh.
’722 m.*sh. 723 s.,sh.
702 m., sh .
678 s.,sh. 674 s.,sh.
668 m.,sh. 642 s.,sh.
610 s.,sh.
(cirT^ )
Nitrosyl
Product
No Nitrosyl 
Product Formed
L-Cysteine
(cm~1)
Li^Fe'CCys-H)^.
hydrate, -1 
V.cm
Nitrosyl Product ^cm  ^
a^) free cysteine b)frorn Li salt
3400 m. ,b. 3380 s.v.fb.' 3470 m.,b. 3400 m.,b.
- 3300 s.,b. - -
- 3240 s. ,b. 3240 s. ,b. 3220 s;. ,b.
3100 s.,b. 31^ -0 s.,b. 3100 s . , b . 3120 s.,b.
2900 s.,b. - - -
2800 s.,b. - 2730 2720 w.»b.
2700 s., b. 2710 m.,sh. 2680 w.,b. 2660 w«,b..
2350 s.,©h* 2660 m.,v.b. 2600 w.4b. 2380 w.,b„
2070 m.,b. - 2100 w.,b. 2100 w.,b.
- - 1800 in. ,sh. 1793 ra.,sh.
1764 w. ,b. 1768 v.s.,b. 1762 v.s.,b.
- - 1720 B.,sh.
- - 1660 ra.,sh. 1633 m.,sh.
• 1622 s.1sh. 1620 s.,sh.
mm 1610 s.,b. 1600 s.,sh. -
1370 v.s.,b. 1383 s.,b. 1383 s.,sh. 1383 s.,sh.
1320 s.,b. 1493 ra.1v.b. 1480 s.,sh. 1482 s.,sh.
1410 s.,sh. 1403 s.,sh. 1410 s.,sh. 1408 m.,sh.
1380 ra.,sh. 1363 s.,sh. rnm mm
1330 s.,sh. 1343 ra.»sh. 1340 s.,sh. 1339 s.jsh*
- 1303 m. »b. 1310 m.,b. 1314 m. ,sh.
m mm 1300 s.,sh. 1300 s.,sh.
1280 8. ,sh. - 1270 m.,sh. 1270 ra.,sh.
1260 w.,b. 1233 nu ,b. 1262 m.,sh. 1260 m.,sh.
*» 1213 w.,b. - -
1185 m.,b. 1170 m.,b. 1198 nru,sh« 1195 ra.,sh.
1130 m.,b. 1130 ra.,b. 1130 m. ,sh. 1128 m.,sh.
1093 w. ,b. mm 1093 w.',sh. 1090 w.,sh.
1030 in. , sh« 1033 ra. j sh. 1042 w.,sh. 1042 w. ,sh.
1010 w. ,b. 1020 m. ,b. - mm
990 w.$b. *■ 993 w. 990 w.
•9 970 m.,sh. 988 m.,sh. -963 m.,sh.
933 m.,b. 930 v/. ,b. mm 00
860 m. ,sh. 860 m.,sh. m 873 ra.,sh.
813 m.,b. - 846 s*,sh. 847 s.,sh.
800 m. ,b. 800 w.,b. - mm
783 w*#b. 780 m. ,sh. 780 m. ,sh.
762 v/. ,b. ' - - -
743 w.fb* 722 m.,sh. 723 m. ,b. 725 ra.,b.
683 m.,b. ~ 677 ra.tsh. 677 ra.,sh.
873 w.,v.b. - 668 m. ,sh. -
- - 340 ra.,sh. 350 ra.,sh.
470 m.,sho 460 m. ,sh.
Cystine ^  
(cm** ]
Cystinatoiron(II) ^
(cm” )
3^-20 s. , b.
- 3365,3325,3280 S.,sh.
272.0 m. ,b. 2700 w. ,b.
2670 m.,b. -
2*f00 w.,b. 2320 w.,b.
2100 w.,b. 2060 w.,b.
1658 m.,b. 1660 m. ,b.
1620 m.,b. -
' 1580 m.,b. 1600 m.,b.
1560 m.,b. 1360 s. ,b.
l469 s.,sh. 13^0 m, ,b.
1*f10 s. ,b. 1420 m. ,b.
13^3 ,sh.
“1335 s*,sh» 1335 m.,b.
1296 S.,sh. 1300 m.,b*
.. 1232,1223,1200 m .,v.b .
mm 11^0 m . ,b.
1126 m.,b. 112*f m.,b.
1083 m. ,b. 1870 s.,sh.
mm 1070 s.,sh.
1033 m. ,b. 1030 m . ,sh.
— 978 s.,b.
962 s.,b. 963 s.,b.
9^0 s. ,b. • -
920 m.',b. 919 m.,sh.
893 w.,b. -
871 w.,sh. -
8^3 ra,,sh. 8*f0 m. 1 sh.
•» 800 m.,sh.
720 S. , Sh . 728 s.,sh.
- 703 w.,b.
67O m.,sh. 662 s.,sh.
~ 6^3 s.,sh.
600 s,,sh. 395 s.,sh. 382 s.,sh.
3^0 s.,b. 3^3 m.,sh.
^30 6 • , b • ^35 v.,b.
Nitrosyl Product
No nitrosyl 
product formed
Glutathione (reduced) 
(cm*"1)
Iron-glutathione-nitrosyl
(cm"1)
3^30 m.tb. 3^00 s.,b.
3330 s.,b. 3290 s.,b.
3230 s*,v.b. -
3110 s.,b. 3160 s.,b.
2710 s.,sh. 2720 s.,sh.
2680 s. ,b. 2660 s.,b.
2320 w. ,b. 2610 s.,b.
23^ -0 m. ,b. 33^0 w.,b.
1930 w., v.b. 20^ -0 w. , b.
- 1830 ra.,b.
- 1780 s.,sh.
- 1735 s.,sh.
- 17^0 m. ,b.
1705 m.,b. 1723 m.,sh.
163O s.,b. 1633 s., v.b.
1383 s.,b. 1330 s.,b.
1530 s.,b. 1530 s.,b.
1^ -10 s.,sh. 1^10 s.,sh.
1330 s.,sh. 13^0 s.,sh.
1333 s.,b. *•
1310 m.,b. 1303 s.,sh.
127^ s.,sh. -
124o s.,b. -
1163 m.,s. 1170 s.,sh.
1133 m.,b» 1133 s.,sh.
11 b 0 m •, b • -
1108 m.,b. 1110 w.,fc.
1070 m.,sh. 1073 w. ,b.
1010 m,,b. *1023 m. ,b.
970 w.,b. 970 m.,b.
923 in.,b. 943 m.,b.
913 m.,b» 918 w.,sh.
880 w.,b. 890 m.,b.
823 w.f-b. 848 w.,sh.
733 m.,b. 768 m.,b.
718 s.,sh. 720 s.,sh.
680 w,,b. 360 w.,b.
'me snarp t-H stretcn Dana, at u cm in L-cysteine, disappeared on the
formation <f the complex, indicating that the sulphydryl group is coordinated.
i
The carboxylate group would appear to be coordinated also, as a mono-dentate
i
ligand, as s
CU3JU1
and V  C-0 on complex formation, sym r
The infra-red spectra of L-cystine and the related iron complex suggest 
that the coordination of cystine is by sulphur and oxygen atoms only. The 
carboxylate group is bidentate, but the exact nature of binding of the 
disulphide group is uncertain.
4*1*5 Pyridine Carboxylic Acids
Iron(ll) complexes of the three pyridine mono carboxylic acids have 
been reported, but since the preparation of these was in the air, it was 
thought that differences may occur if the complexes were reprepared in an 
inert atmosphere. It was not found possible to obtain an iron complex of 
picolinic acid.
(a) Magnetic Measurements (Table 5)
The magnetic moments of both the bis (nicotinato) iron(ll) complex 
prepared under nitrogen and the tris (nicotinato) iron* complex, prepared in 
air, are close to the value expected for 4 unpaired electrons, agreeing Y/ith 
a high-spin iron(ll) electronic configuration. The reciprocal molar 
susceptibility obeys the Curie-Weiss law with small V7eiss constants of +10° 
for the bis complex and -13° for the tris complex. This is indicative of 
slight magnetic interactions, perhaps arising from some carboxylate 
bridging within the complex.
The room temperature magnetic moment for the bis nicotinic acid complex 
prepared previously was 5*20 B.M., no Weiss constant being recorded.
(b) Mossbauer Measurements (Table 7)
The isomer shift values for both the bis (nicotinato) and bis 
(isonicotinic) iron complexes are consistent with a high-spin iron(Il)
uggested by the increase in separation between the C-0
F e ( N i c 0 (prepared in the air)
8074 123.9 295.5 4.37
9376 109.9 262.if 4.37
10788 92.7 230.5 4.46
12925 77.4 198.6 %.53
16285 61.4 166.1 4.65
19511 51.3 132.5 4.55
25847 38.7 101.6 if.58
29911 33.4 89.5 4.63
—6Diamagnetic correction^ -278x10” c.g.s.u.
Table ^
Fe(Nic)g^H^O (prepared in the absence of air)
X A  X  106 1/XH T(°K) / ^ f f (B.M.)
14505 68.9 293.0 3.85
13313 63.3 262.5 3.67
17401 37.3 231.0 3.67
19367 30.6 198.6 3.60
23465 42.6 166.5 3.39
28812 34.7 136.0 3.60
37301 26.7 104.0 3.38
43262 23.1 90.0 3.38
Diamagnetic correction= -278x10” c.g.s.u.
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electronic configuration. The quadruple splitting, 3*30 mm s in both 
complexes, suggests a distorted octahedral environment around the iron.
.-I
The v l lues obtained in this work are consistent with the results
'  ^ c -lreported previously, for the nicotinic acid complex, o = 1.40 mm s ,
A E  = 2,93 nim s"1, and for the isonicotinic acid complex, £ = 1,42 mm
A e  = 3*03 mm a"1, at room temperature.
(c) Reflectance Spectra (Table 6)
^he reflectance^o^bis (nicotinato) iron(ll) tetrahydrate is consistent 
with a high-spin iron(ll) configuration in a distorted octahedral environment
(d) Infra-red Spectrum
The infra-red spectra of pyridine carboxylic acids are complicated by
the presence of ring-stretching vibrations in the region l600-l$00 cm \
which overlap to some extent with the carboxylate bands.
The infra-red spectra of nicotinic acid and the related iron complexes
(Table 42) suggest that in the bis (nicotinato) iron(ll) complex,
coordination is solely through the carboxylic acid group, acting as a
bidentate ligand (as shown by the decrease in separation between the two
C-0 stretching bands in complex formation). There is evidence that
pyridine nitrogen atom 'could be protonated. This is suggested by the
—1presence of bands assignable to NH stretch (at 2720 cm ) and N-H bending
vibration (at 16^0 cm )^.
The tris complex, prepared in air, however, does show a slight increase
in separation of the 'carboxylate bands, indicating mono-dentate coordination.
-1 -1The absence of the bands at 2720 cm and I63O cm indicates that the 
nitrogen atom is unprotonated, therefore likely to be coordinated (Table 43)* 
Analysis of the infra-red data (Table 43) for isonicotinic acid and the 
related iron complexes indicates that coordination in both cases is through 
the nitrogen atom and the carboxylate group, acting as a mono dentate ligand.
Nicotinic Acid 
ij (cm**1)i
j Bis(nicotinato)iron(lI)
tetrahydrate(prepared under Np) 
| (cm~ )
prepared 
in aiij 
(cm" )
H ' 3180 s.,v.b. 3180 s.,v.b.
— 2720 s.,sh. -
2370 w.,v.b. 236G w. ,b. 2330 w.,b.
— 2200 w.,v.b. 2220 w. yb.
1890 w., v.b. 1900 w.»v.b. 1930 v•w.,b.
1683 nt.,v.b. 1633 m.fV.b. 1690 m.,v.b.
_ 1630 I7U »v.b. -
1603 s., b. 1603 s.,sh.
1593 m*»sh. 1387 s.,sh. 1388 s.,sh.
1380 m., sh. 1564 s.,sh. 1362 s.,sh.
1340 s.,sh.
1415 s.,sh. 1403 m.,sh. 1405 m.yfih.
1320 s.,sh. 1 :Ao s. y b. 1330 s-* sh.
1300 s.,b. 1303 S.yb. 1310-s.yb.
1230 m.,v.b. 1245 m.ybi 1243 .rn. yb.
1180 m. ,b. 12.00 w.,sh. 1200 s.,sh.
1160 m., b. 1170 S.ySh. 1170 m.,b.
1138 m.,sh. 1133 s.,sh. 1133 s.yb.
1113 m.,sh. 1113 s.,sh. 1118 m.yb.
1082 m*,b. - 1092 m.»b. .
- 1030 m.,sh« 1030 m.,sh.
1023 m.»b. 1032 ni.,sh. 1032 m.,sh.
973 w.,v.b. 972 s.yb. 978 m.,b.
932 m.»sh. 9 f^0 s.yb. 982 m.,b.
- 920 m.,b. 933 m,yb.
*• 890 m.yb. -
830 m.,sh. 843 m.,b. 842. s. yb.
745 v .b .,sh. 770 m.,b. 760 S.yb.
720 m.,sh. 720 s.,sh. 720 S.yb.
692 s.,sh. 700 S. y sh.
682 s.,sh. - -
638 v.s.tsh. • 630 s.,b. 642 m •, sh •
«■» 330 S.yb. 330 m.,sh.
493 oi. , sh. 4-90 rn., b. 440 m•,b.
383 m« »sh. 410 w.,sh. 405 s.,b.
Isonicotinic Acid BisCisonicotinato)iron(II) Prep.?.red in
(cm"1) (prepared under N ) _1 ^ (cm ) Air
3410 s., v.b. 3480 s. b. 3380 s . v.b.
3180 s • f v • b • 3220 s. v.b. 3200 s. v.b.
2720 s. ,'v.b. 2720 m. v.b. 2710 v;. b.
2300 w.,v.b. 2400 w. b. 2220 m. b.
1962 w.,sh. 1950 w. sh. 1963 m. sh.
1750
1660
m. ,b.
s • f b •
1720
1660
m.
s.
b.
b. '
1720
1630
m.
s.
b.
v.b.
1613 s.,b. 1610 s. sh. mm
1380 S.yb. 1388 s. sh. 1387 s. sh.
- 1362 V. s.,sh. 1335 s. b.
1530 S.yb. 1340 m. b. 1340 s. sh.
1413 S. yb. 1407 s. sh. 1400 s. sh.
1360 S.yb. 1328 s. sh. 1323 s. sh.
1310 ••>•CO 1303 s. sh. 1303 W. b.
1230 Se y sh. 1246 m. sh. 1242 w. sh.
1220 m. ,b. 1200 m. sh. 1200 s. sh.
- 1183 m. s. 1133 s. sh.
1133 m. ,b. 1138 m. b. 1133 w. b.
■jm 1138 w. < 1118 s. sh.
1118 W. yb* 1118 m. sh. 1090 Rl. sh.
- 1092 m. sh. 1048 s. sh.
1033 V. yb. 1030 s. sh. 1032 s. sh.
1018 W.ysh. 1033 m. sh. 977 V/. sh
970 W. y b. 977 w. b. 963 w. sh.
920 W.ySh. 934 w. b- 840 s.. b.
868 m.,sh. - 733 s. b«
838 r n . , sh. 848 S 0 sh. 720 s. sh.
830 m.,sh. 830 rn. sh. 697 s. sh. e
770 s.,sh. 810 m . sh. 670 w. sh.
760 S.ysh. 738 s. b. 643 m . sh.
tm 748 s. sh.
720 m.y sh. 720 in. b.
710 S. y sh. 703 s. sh.
698 s.yb. 693 s. sh.
682 s. sh.
• -
643 s. sh.
4.2 Products from the Reaction of Iron(II) Amino Acid Complexes with 
Nitric Oxide
The reaction of the iron(ll).amirio acid complexes with nitric oxide 
produced a variety of products with little apparent dependence on the 
particular amino acid. Several nitrosyl complexes were isolated but more 
frequently an oxidised, uncharacterisable and often unstable product v/as 
formed.
4.2.1 Nitrosyl products
Nitrosyl complexes were obtained from iron(ll) complexes of glycine, 
serine, tryptophan, histidine and cysteine, although in the case of the 
serine and histidine products, impure alcoholates were obtained.
Table 44 shows the nitrosyl stretching frequencies of the complexes.
It is possible, from these values, to say that nitrosyl group is 
coordinated formally as N0+, (Chapter 1, section 6.2).
(a) Bis (glycinato) iron nitrosyl
Magnetic measurements on this complex (Table 45> Pig. 42) show that 
the magnetic moment is temperature independent with a value of 3*88 B.M. 
This is consistent with the spin only value expected for 3 unpaired 
electrons, suggesting that the iron can be considered as having a formal 
charge of +1, the complex being in an octahedral, ©r distorted octahedral 
environment. The reciprocal magnetic susceptibility obeys the Curie law, 
having a zero Weiss constant.
Reflectance spectra of this complex show a very broad absorption band 
ranging from 17,000-11,000 cm \
The infra-red spectrum (Table 14) is similar to that for the 
un-nitrosated complex, suggesting that coordination of the glycine is again 
through the amino group and the carboxylate group (acting as a mono-dentate 
ligand). The presence of additional bands would indicate some loss of 
symmetry hue to the coordination of the IT0 group.
Table 44
Iron(II) Complex Nitrosyl Product
2S -
NO (cm )
Fe(Gly)2
Fe(II)-cysteine
Fe(Ser)2
Fe(His)2.2H 0
FeCTry)^.
Fe(Gly)2NO 
Fe(Cycy)(NO)^
Fe(Ser)^N0,2CH:.0H c. 5
Fe(His)~NO,1-2C H_OH 
2 Z 5
Fe(Try)2N0.H20
1750 s. 
1758 s. 
'1750 m. 
1738 B. 
1779 s*
'
Table ^5
Bis(glycinato)iroB nitrosyl
X k x U)6 %/%A . T(eK)
6380 156*7 294*9 3.88
7097 14-0*9 262*6 3.86
8080 123*8 230*5 3.86
9391 106.3 198.3 3.86
10978 91 *1 166.3 3.82
13568 73*7 135*3 3.83
18469 54*9 103*4 3.80
19999 50*0 89*5 3.78
Diamagnetic corroction= - 8 2 * 5 ° c*g.s*u.
Fig.42
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(b) Bis (tryptophanato) iron nitrosyl hydrate
Magnetic measurements on this complex proved unusual. An initial 
sample (Table 46, Fig. 43) showed a high dependence of magnetic moment on 
temperature, having a value of 4*22 B.M. at room temperature, decreasing to 
2.91 B.M. at 80°K. The reciprocal molar susceptibility obeyed the 
Curie-Weiss lav/, having a very large V/e is s constant of +245°« The value 
of 4*22 B.M. is close to that expected for 3 unpaired electrons (3*88 B.M.), 
and 2.91 B.M. close to that expected for 2 u.e. (2.83 B.M.). It was felt 
that the complex may be undergoing a spin crossover (Chapter 2, section 63)» 
rather than the effect being due to purely antiferromagnetic behaviour.
Low7 temperature infra-red measurements (Fig. 32) did not, however, show any 
appreciable change, as would be expected if the spin-crossover effect was 
occurring.
Reflectance spectral data shows a medium strong broad band at 
12,800 cm \  This did not change appreciably on cooling to 80°K.
Magnetic measurements on a second sample of the complex, prepared under 
exactly the same reaction conditions, proved somev/hat different (Table 47? 
Fig. 44)* The magnetic moment is independent of temperature, having a value 
of 2.39 B.M., somewhere between the value expected for 1 u.e. (1.73 B.M.) 
and 2 u.e. (2.83 B.M.). The reciprocal molar susceptibility obeys the 
Curie-Weiss law with a small Weiss constant of +15°.
The reflectance spectrum again shows a broad band at 12,800 cm \  
attributed to a distorted octahedral structure.
The infra-red spectrum of both nitrosyl products was identical, 
showing some differences from the infra-red spectrum of bis (tryptophanato.) 
iron(ll). There is evidence that the amino group is protonated (the presence 
of the band at 2,100 cm )^. The carboxylate group would appear to be 
coordinated as a bidentate ligand. It is not possible to say whether the 
indole7 group takes part in the coordination. Further v/ork is necessary to 
clarify the structure of this or0duct«
FeCTry^KO.H 0 Ksl)
X A * 106 v x A t<°!-)
7631 131.0 291.3 4.22
8149 122.7 238.7 **.11
8940 111.9 22b.8 4.01
9240 108.2 191.0 3.76
10331 96.8 136.3 3.60
11449 87.3 121.8 3.34
12403 80.6 83.3 2.91
Diamagnetic correction= -241x10 ^ c.g.s.u.
Table 47 
Fe(Try)2 0^.II20 (b)
X A X 106 1/XA T(°K) _ / ^ ( E . K . )
2431 411.4 293.0 2.39
2803 356.5 262.3 2.43
3122 320.3 230.3 2.40
3306 285.2 199.0 2.31
4130 242.1 167.2 2.33
3119 195.4 136.2 2.36
6376 156.8 103.4 2.30
7164 139.6 . 90.0 2.27
Diamagnetic correction= —6-241x10*’ c.g.s.u.
Fig. k3
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Two different nitrosyl products were isolated. Prom a solution of 
L-cysteine and iron(Il) sulphate heptahydrate, a dinitrosyl was obtained. 
When a solution of lithium cysteinate and iron(Il) sulphate was used the 
product was apparently a mononitrosyl monohydrate (according to the 
elemental analysis).
The initial preparation was also carried out monitoring the pH of the 
solution. On mixing the iron(ll) and cysteine solutions the pH was 5*5> 
this decreased to approximately 3 as the reaction with nitric oxide 
proceeded. When the solution was kept at one pH, either 7 or 3> throughout 
the reaction (by addition of 0.1 M NaOH or 0.1 M HC1 solutions) no nitrosyl 
product was formed.
Magnetic measurements on both nitrosyl products show them to be 
diamagnetic, suggesting that the iron has s low spin d^ electronic 
configuration in an octahedral environment.
Mossbauer parameters for the dinitrosyl complex, £  = 0.314 mm s""1 and 
A E  » 0.722 mm s'"1 at 77°K, are also consistent with the assignment of a 
low-spin iron(Il) complex in a distorted octahedral environment. The 
reflectance spectra of -both complexes show broad bands in the region of 
10,000 cm*"1.
Analysis of the infra-red spectra (Tables 36) shows that the complex 
contains cystine rather than two cysteine molecules. This is borne out 
by the general agreement of the bands of the nitrosyl complexes with those 
of cystine (Table 37)» particularly with respect to the absence of an S-H 
stretching band (2550 cm 1 in cysteine) and the presence of an 
stretching frequency (^ 450 cm 1). It is likely that the cystine is 
coordinated by the carboxylate group (acting as a bidentate ligand) and 
the disulphide group. The amino group appears to be protonated.
It is known that the oxidation of cysteine to cystine is catalysed by
It was demonstrated that cysteine will react with nitric oxide in the 
absence or air to produce S-nitroso cysteine (pale pink in dilute solution)
i
which decomposes on standing to give cystine. The overall reaction may be 
summarised as
2N0 + 2CySH  —  CySSCy + HgO + NgO
It is felt that this reaction may occur initially in the production
of the nitrosyl product. Confirmation of this was found by infra-red
analysis of the gases above the reaction mixture. Qualitatively, it was
seen that the concentration of nitrous oxide in the gas mixture increased
dramatically although no quantitative values could be put on this.
An attempt was made to prepare possible intermediate reaction products,
a cysteine iron nitrosyl, in particular, by preparing a solution of 
2+Fe(N0)(H20)j- • A solution of cysteine was added to this, forming a brown
product. Infra-red and elemental analysis suggest that the product was 
again a cystine iron nitrosyl complex.
It is clear from the physical measurements on the iron-cystine 
nitrosyl complexes that these cannot be the same as the compounds reported
-|q o  l n q
by MacDonald y and van Roon , as the complexes reported here, being 
diamagnetic, would not be expected to give rise to ESR spectra.
(d) Bis (serinato) iron nitrosyl
This complex was obtained as an impure methanol adduct. Because of 
this no structural determinations, other than measurement of the infra-red 
spectrum, were carried out. This shov/s very good similarity to the spectrum 
of the unreacted serine complex, with the exception of a band at 1750 c® 1 
attributable to the nitrosyl group. A distorted octahedral configuration 
would, therefore, be postulated for this complex.
(e) Bis (histidinato) iron nitrosyl
The mononitrosyl complex was:again isolated as an impure ethanolate.
It was not, therefore, possible to characterise this complex further or to
purify it. Mossbauer measurements showed a four-peak spectrum which may be
due to the presence of two different iron sites within the complex, one
possibly iron(lll) impurity. Analysis of the infra-red spectrum suggests a
similar type of structure to the unreacted bis (hisi^ Lnato) iron(ll) complex.
(f) An nitrosyl-containing complex was also obtained on reacting an
iron(II)-glutathione compound with nitric oxide. Although only one mole of
nitric oxide was apparently absorbed, elemental analysis and the infra-red
spectrum suggest a dinitrosyl complex was formed. Because of the very low
yield it is likely that incomplete reaction occurred. It was not possible
to characterise the complex further than analysis of the infra-red- spectrum,
(Table 38)* Fig. 51 shows a portion of the spectrum in which the two sharp 
-1 -1bands at 1780 cm and 1755 cm can be attributed to the presence of two
nitrosyl group. Assignment of the other coordination '.groups ' .from the
infra-red spectrum is complicated by the presence of two peptide, linkages,
two terminal carboxylate groups, an amino group and a sulphydryl group in
-1the molecule. The shift in frequency of the -SH stretch from 2320 cm in
the free ligand to 2610 cm""'*’ in the complex would suggest that the sulphydryl
group is coordinated without loss of the hydrogen atom. Also the presence
—1of a band at 2040 cm in the complex (absent in the free ligand) indicates 
that the amino group is not coordinated. The shift of amide carbonyl 
stretching frequency from 1705 cm ^ to 1740 cm  ^anc}. 1725 cm  ^suggests that 
both amide groups are* involved in the coordination. The decrease in 
separation between the carboxylate asymmetric and symmetric stretching 
frequencies would suggest that the carboxylate groups act as bidentate ligands.
Reaction of nitric oxide .v/ith other amino acid complexes produced a 
variety of products/ although it did not prove possible to purify the 
products or fully characterise them.
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The products obtained wrun asparxaxoaron^xr; auu
bis (glycylglycinato) iron(ll) both show medium bands in the infra-red 
spectrum which could be assigned to the presence of a nitrosyl group, at 
1770 cm"*^  and a shoulder at 1775 cm ^-respectively. Elemental analysis, 
however, is not consistent with any stoichiometric nitrosyl complex.
When bis (phenylglycinato) iron(ll) was reacted with nitric oxide the 
product analysed as an oxygen-bridged complex, [Fe(Phgly)2^j0, 5^0.
It is thought that after initial reaction of the complex with nitric oxide, 
the iron nitrosyl formed reacts further within either another molecule of 
nitric oxide or another nitrosyl group to form nitrous oxide and an 
oxo-bridge iron(lll) species.
FeNO + NO  ----  FeO + N20
The products when bis (methioninato) iron(II) and cystinatoiron(ll) 
were reacted with nitric oxide appear to be iron(III) amino-acid hydroxide 
complexes. It may be, however, that they are again hydrated oxo-bridge 
dimeric complexes, similar to the phenylglycine complex.
Bis (glutaminato) iron(Il), when reacted with nitric oxide, produces 
what seems to be an iron(lll) mono (glutaminato) methoxy complex.
Many of the products appear to decompose after isolation to iron(lll) 
products. It is known that many metal nitrosyls are unstable in the air. 
The mechanism for this decomposition is not known, although infra-red 
analysis of the gas mixture above the reactions with the bis (methioninato) 
iron(Il), the later complex producing a compound approximating to F 
showed the presence of an appreciable amount of nitrous oxide which would 
confirm the type of reaction suggested for bis (phenylglycinate) iron(ll).
Attempts were made to prepare an iron-ascorbate nitrosyl, because it 
has been shown that addition of ascorbate reduces the nitrosation reaction 
in meat processing. It was thought that an iron(Il') ascorbate complex
reaction with nitrite, and the nitrosyl formed could have a beneficial 
effect on microbial inhibition. A solution, presumably, of iron(ll) 
ascorbate (see p. 123), stirred under nitric oxide, absorbed approximately 
one mole of nitric oxide per mole of iron, the solution becoming dark.
No solid came dov/n, but on adding alcohol, a dark brown product was isolated 
which decomposed rapidly.
4.2.2 Transnitrosation
Initial investigations with bis (glycinato) ironII) nitrosyl and
cystinato iron dinitrosyl indicated that both complexes did not nitrosate
diphenylamine in tetrahydrofuran at 60°G. S-nitroso cysteine, however,
successfully transferred the nitroso group to diphenylamine.
In a study of the diazotisation of aniline at 0°C using nitrous acid,
the addition of iron(Il) sulphate to the reaction mixture inhibited the
nitrosation reaction. The addition of copper(Il) and iron^III) ions had a
247
negligible effect upon the nitrosation .
4*2.3 Antimicrobial Behaviour
One of the aims of the work was to prepare metal nitrosy]s which were 
microbial inhibitors, and obtain some insight into the inhibitory material 
formed in meat processing.
up
It has not been possible to set/a complete microbial investigation on
the iron nitrosyl complexes produced. An initial study of the antimicrobial
behaviour of cystinatoiron dinitrosyl has shown it to have some inhibition
towards the growth of Staphvlococus saprophyticus, although with only a
248fraction of the effect of Roussin black salt •
4.3 High-Temperature Reactions
q/T
Van Roon reported the formation of a pale yellow solution vlten aqueous 
solutions of'ferrous sulphate heptahydrate, sodium nitrite and cysteine
were mixed together under nitrogen and heated to 90VC for 15 minutes.
This is attributed to a iron dicysteinate dinitrosyl complex present in 
solution. No solid complex was isolated to confirm the composition.
Moss‘d  in an attempt to prepare cystinatoiron dinitrosyl at 120^0 from 
nitrite, using a Carius tube, isolated a brown solid, containing no 
nitrosyl group, which appears to be Fe(HCys)S0^. The lack of SH stretch, 
combined with evidence for the presence of an NH^ group, would suggest 
coordination of the cysteine through the sulphur group.
Van Roon’s work was repeated, at two different pH’s using a twenty-fold 
increase in the concentration of each reagent. The solutions were buffered 
to pH 5 and 7* The reaction was also carried out using sodium sulphide 
in place of cysteine.
In each case a small amount of solid was formed during the reaction 
which was filtered off, providing sufficient quantity for micro-analysis 
and infra-red investigation. Analysis of the gases produced above the 
solution was also attempted.
At pH 5, the iron/cysteine/nitrite solution produced a light brown 
powdery solid. Elemental analysis was not satisfactory (Founds C, 29.2;
H, 4.B; N, 11.5fo).. This is in reasonable agreement with the values for 
either cysteine or cystine (C, 30*0; H, 5.0; N, suggesting that the
bulk of the solid is probably cystine. The infra-red spectrum (Table 49)> 
however, contains a medium-sharp band at 1774 cm which indicates the presence 
of a nitrosyl group. 'Analysis of the full spectrum bears out the suggestion 
of an impure mixture. Many of the bands are at the similar frequencies 
to those in free cysteine (Table $6) but other bands are in good agreement 
with those for cystine.
Analysis of the gas above the reaction solution (Table 48) shows only 
the presence of nitrogen dioxide, although all the bands are very weak, and 
hence Assignment is difficult.
Table 48
I.R. of gas above FeSO^/ 
NO~/Cys reaction
2 (cm-1)
I.R. of gas above FeSO^/ 
KO’/Na S reaction
2 2 t *-1 \(cm J
pH 5 pH 7 pH 3 pH 7
3400 w.b. 
2920 w.sh. 
2830 w.sh. 
1730 w.b. 
1600 w.b. 
1380 w.b. 
1060 w.b.
3400 s.b. 
2920 m.b. 
2235 m.sh. 
2203 m.sh. 
1640 s.b. 
1400 w.b 
1030 w.b.
3690 s.sh. 
2923 s.sh. 
2860 m.sh. 
1460 m.b. 
1380 m.b. 
1130 w.b. 
1070 w.b. 
104-0 w.b.
34-00 w.b. 
2920 w.sh. 
1630 w.b. 
1370 w.b. 
1060 w.b.
3400 m.b.
3100 s.b.
2720 s.sh
2660 s.b.
2380 s.b.
2090 s.b.
17 74 m.sh
1738 m.b.
1635 m.sh
1618 s.sh
1380 s .b.
1556 s.sh
1340 s .sh
1:403 s.sh
1335 s.sh
1297 s.sh
1260 w.b*
1193 m.sh
1160 w.b.
1126 rn.sh
1090 V. sh
1040 DUsh
963 s »sh
940 m.b.
873 m. sh,
848 s.sh
775 rn.sh
733 m.b.
720 m.sh,
675 s.sh,
668 m.sh,
603 m.sh,
341 m. sh,
433 m.sh,
393 m.sh,
3400 m.b.
3100 m.b. 
2720 s.sh. 
2660 s.b. 
2380 m.b. 
2080 m.b.
1635 m.sh. 
1620 s.sh. 
1578 s.b. 
1338 s.sh. 
1338 m.sh. 
1403 s.sh. 
1400 s.sh. 
1333 s.sh. 
1295 s.sh. 
1263 m.sh. 
1235 m.sh. 
1192 m.sh. 
1170 m.b.
1135 m.b. 
1125 m.sh. 
1088 m.sh. 
1040 m.sh.
961 s. sh
933 m.b.
872 m. sh
843 s. sh
778 s. sh
723 s.sh
673 m.sh
613 m. sh
341 m. sh
433 m.sh,
393 m. sh
3440 m.b.
3380 m.b. 
31o0 m.b. 
2720 s.sh. 
2b70 s.b. 
2600 m.b. 
2320 m.b.
'1373 w.b. 
1410 m.s. 
1330 s.b. 
1303 s.b. 
1250 w.b. 
1200 w.b. 
1153 m.b. 
1030 w.sh.
963 m.b. 
930 m.b. 
890 m.b.
845 m.b.
773 w.b. 
738 s.b. 
722 s.sh. 
330 s.sh. 
463 s.b.
3300 w.b.
3340 m.b.
3100 w.b.
2720 s.sh.
2660 s.b.
2540 m.b.
2330 m.sh.
1890 v/. v . b
1380 m.b.
1413 m.s.
1340 s.b.
1303 s.b.
1160 s.b.
1080 w.sh.
1020 w.b.
970 m. sh.
933 m.b.
890 -w.b.
830 w.b.
840 w.b.
770 w. sh.
720 s.b.
350 s. sh.
470 s.b.
x.K. spectrum of 
Product from FeSO^/NO^/Cys
pH 3 pH 7
-L.K. spectrum of / . -
Product from FeSO^/Na^S/NO^
pH 5 pH 7
At pH 7, the product is different in appearance - being shiny black
microcrysta;s. Elemental analysis is again unsatisfactory (C, 27.6; H, 4*9$
1
N, 11.7$). There is a 10$ increase in the nitrogen:carbon ratio, suggesting
\
some reaction may have occurred.
Analysis of the gaseous products (Table 48) showed definite traces of
nitrous oxide present in the mixture (the bands at 2200 cm~^).
The infra-red spectrum of the solid sample showed the solid is not
appreciably different from the product at pH 5> with the exception of the
bands at 1774 and 1738 cm \
The products of the reactions of iron(ll) sulphate/sodium sulphide/
nitrite solutions at both pH’s were black powdery solids (produced in very
low yields). Analysis for nitrogen showed no significant amount in either
product. It was hoped that a Boussin black salt may be formed, infra-red
analysis, however, confirmed that no nitrosyl product was formed in either
case. The infra-red spectra were both very broad and ill defined,
indicating the presence of sulphate impurity. The gas analysis shows the
predominant product to be nitrogen dioxide, although the reaction at pH 5
showed traces of nitrous oxide in the mixture. *
Although there are no definite conclusions from these reactions,
and further work is necessary in order to clarify the nature of the products
there appears to be some dependence of the products on pH, particularly in
the case of iron/cysteine/nitrite reactions. The reactions suggested by 
96 ;Van Roon are obviously complicated, and will depend to a great extent 
on the reaction conditions.
4.4 Solution Studies
Nuclear magnetic resonance can be used in two distinct v/ays to give 
information concerning the nature of metal complexes in solution.
Firstly by measuring the shift of an inert reference proton signal, the 
magnetic susceptibility of the complex may be determined. Secondly, 
information can be gained concerning the nature of the metal-ligand 
interactions.
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Bowles et al report the study of the interaction of various 
amino acids and peptides with ferrous ions. The addition of paramagnetic 
species to a solution of an organic ligand leads to broadening and 
shifting of the NMEl signals, the effect being greater on the signals 
of protons adjacent to the binding site. Providing the concentration 
of paramagnetic species is very low, the broadening effect is minimized,
making it possible to measure the shift of the signals.
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Bowles et al recorded the spectra of a variety of amino acids 
as 0.2 M solutions in ^0, measuring the changes in the.spectra on the 
addition of a small amount of iron(ll) ammonium sulphate. No reference to 
the concentration of iron(ll) added, or whether the addition was done 
under nitrogen is reported. On carrying out an initial investigation into 
this method it became evident that the concentration of iron(ll) ammonium 
sulphate in the amino acid solution had to be <0.001 M in order that the 
signal broadening should be sufficiently reduced. It was also found that
if the addition of iron(II) solution was carried out in the air, oxidation 
readily occurred causing disruption of the M R  signals by the formation 
of a precipitate within the tube. It became necessary, therefore, to 
employ inert atmospheric techniques when adding the iron solution (Fig. 13).
The technique is of limited use in the investigation of simple 
0^-amino acid since coordination through either the carboxylate or amino 
group would cause a similar downfield shift in the signal from the c<-CH 
proton. It is greater use for ft and Y amino acids and those containing 
additional coordination sites.
Qualitative results agree with the assignment of amide group 
coordination within the glycylglycine complex and imidazole group 
coordination within the histidine complex.
The measurement of magnetic susceptibilities by the "Evans" method 
was tried in order to gain structural information about the metal complexes 
in solution. It was hoped that this could be used to gain information 
specifically in cases where either the metal complexes could not be 
isolated, or the nitrosyl reaction produced an oxidised product.
Initial measurements on a solution of bis (histidinato) iron(ll) 
hydrate, prepared as described previously (p. 120) gave a value for the 
room-temperature effective magnetic moment, measured from the shift in the 
signal due to water, of 4*75 B.M. This is in very good agreement with the 
room temperature magnetic moment measured on the solid complex by the Gawy 
method (4*77 B.M.).
The technique was extended to investigate the change in magnetic 
susceptibility when a solution of bis (glycinato) iron(ll) was reacted 
with nitric oxide. The solution of bis (glycinato) iron(ll) was prepared 
by mixing aqueous solutions of litjiium glycinate (0.002 M) and iron(ll) 
chloride tetrahydrate (0.00 1 M). The solution was sufficiently dilute to
ensure that only a small amount 01 solid was precipitated. This was 
redissolved by adding excess glycine. When the solution was clear, a sample 
v/as transferred to a sample tube and the magnetic moment measured. The 
room temperature magnetic moment recorded by this method was 5.25 B.M., 
in good agreement with the value of 5*28 B.M. measured on the solid sample 
by the Gouy method. The remaining sample was reacted with nitric oxide 
and a brown precipitate came down. The magnetic moment of the nitrosyl 
complex was obtained by filtering a portion of the solution into a sample 
tube, and recording the spectrum as usual, the concentration of iron in the 
solution was then determined by method (c), (p. 114). The room temperature 
magnetic moment of the nitrosyl complex in solution was 3*75 B.M., in good 
agreement with the value of 3*88 B.M. for the solid complex by the Gouy method.
When preliminary studies were made on the glutathione complex
(no good solid samples of which had been isolated^ further difficulties
were encountered. Because of the large amount of ligand required to
produce a large enough separation of the . M  signals, and the high cost of
the ligand, it became necessary to adapt the technique to the handling of
smaller volumes of solution, 10 ml rather than 250 ml,, as used previously.
There are three major problems involved in this:- 
*
(1) The accurate measurement of small volumes of solution (10 ml) 
made up under nitrogen.
(2) The reduction in the volume of solution removed for magnetic 
measurements before reaction with nitric oxide.
(3) The accurate iron analysis of small quantities of solution.
Further work is required to overcome these difficulties.
CHAPTER V 
CONCLUSION
Conclusions
' Any direct comparison between the results recorded 
h^re, and any effects reported concerning the presence 
of nitrite in meat systems must be made with caution.
It is clear that nearly all the amino-acids investigated 
will form some type of complex with divalent iron, all 
of which are extremely sensitive to aerial oxidation.
The environment of the iron present in meat systems can 
be considered as anaerobic, and therefore the formation 
of coordination products,of the type reported here, 
between amino-acid residues- particularly those containing 
sulphur atoms - and divalent iron is highly probable.
All the iron(II)-amino-acid complexes prepared have 
shown a high reactivity towards nitric oxide. The 
products of these reactions, however, vary with ,the 
amino-acid - the glycine, tryptophan, serine and histidine 
complexes produced straightforward morjonitrosyl products, 
the cysteine- complex, rproduced a dinitrosyl complex of 
the oxidised ligand, cystine, and the remaining amino- 
acids reacted to form an iron(III)-containing product 
with little or no ligand coordinated. It seems likely 
that these; three types of reaction may be involved in the 
reaction of nitrite in meat systems with low molecular 
weight iron(II) species.
The indications from reactions of nitric oxide with 
iron(II)-peptide complexes suggest that similar nitrosyl 
products could be formed by reaction with iron(II) attached 
to donor groups along protein chains.
The formation of iron (I I.) -nitrosyl complexes could 
explain the increase in bound nitrite caused by the 
addition of iron(II), and also the increase in the 
rate of depletion of nitrite caused by the addition 
of divalent iron salts.
The reaction of certain of the ironCII)-amino-acid 
complexes with nitric oxide to produce iron(III) 
products could be of importance if the amino-acid-r- 
which appears to be no longer coordinated to the iron- 
is shown to have been nitrosated.
Roussin black salt, ironClI)/cysteine/nitrite 
mixtures, produced in various media, and cystinatoiron 
dinitrosyl have all shown antimicrobial activity, 
suggesting that iron nitrosyl complexes could be 
implicated in the anticlostridial activity of nitrite, 
The only nitrosyl readily prepared from the iron Cl I) 
amino-acid systems is cystinatoiron dinitrosyl, which 
has the advantage of being relatively air^stable, 
Unfortunately it has a low solubility, which might 
prove difficult to overcome. As it has been shown not 
to nitrosate diphenylamine it may be considered as a 
suitable additive for total or partial replacement 
of the nitrite in meat processing,'
Suggestionsxfor F^urtherxWork
i] The attempted preparation of nitrosyls from iron Cl I), 
amino-acid complexes resulted,in many cases, in the 
" production of a variety of oxidised products ^ As
reaction occurred with nitric oxide it may be that 
either iron nitrosyl products are present in-solution
and analysis of the reaction solutions,' rather than
I; _
\ attempting to isolate solid products, may be of greater 
! importance in determining the reaction mechanism.
ii): Further work is required to clarify the nature of the
tryptophan iron nitrosyl product,
iii) After the initial study of the high temperature
reactions of the iron(II) sulphate/cysteine/nitrite 
system, it is necessary to extend this, by carrying
out the reactions over a complete range of pH and
temperature. Improvement of the technique of gas 
analysis is also required. It may be necessary to use 
solution techniques to study the reactions at low 
concentrations, 
iv! A complete NMR investigation of amino acid complexes 
is required, particularly with respect to the -sulphurV 
containing amino-acids, over a range of pFi'-si
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Possible role of iron(ll)-amino acid complexes in 
nitrite depletion and inhibitor formation in cured meats
Leslie F Larkworthy, Michael H Turnbull and Ahmad Yavari
Department of Chemistry, University of Surrey, Guildford GU2 5XH
Sodium and potassium nitrates and nitrites, and sodium 
chloride, are used in meat processing to prevent the growth 
of Clostridium botulinum, and to produce an attractive 
colour and flavour. Nitrate is considered to provide a 
reservoir from which more nitrite, which has pH-dependent 
antimicrobial activity, can be formed by enzymatic reduction. 
It now seems likely that several antimicrobial agents can be 
formed from nitrite, and identification of these could lead 
to the replacement of some of the nitrite and a reduction 
of the possible risks1 from nitrosamine formation.
Studies of the effect of nitrite on growth in laboratory 
media and in meat have so far failed to reveal the mechanism 
of inhibition. There are, however, several pointers to its 
mode of action. The Perigo effect2 -  the greater, but almost 
pH-independent, inhibition of growth found even when 
nitrite itself has been lost on heating in a laboratory medium 
-  is believed to be due to the formation from nitrite of more 
powerful inhibitors often termed Perigo type factors (PTFs). 
Support for this comes from the observation3 of inhibition 
after all residual nitrite has disappeared from canned, cured 
luncheon meat, and the demonstration4 of the Perigo effect 
in whole pork.
Perigo type factors isolated from various culture-media 
systems have chemical and microbiological similarities to 
Roussin’s black salt -  an iron thionitrosyl.5 Recent work6-10 
has emphasised the importance of nitrite, iron salts, and 
SH-containing compounds, particularly cysteine, for inhibi­
tion in media. Suggested inhibitors,7-9 besides Roussin’s 
black salt, are Roussin’s red salt, cysteine nitrosothiol, and 
a paramagnetic cysteine-iron-dinitrosyl.11 It is found that 
the inhibitors produced in media are destroyed by meat,7*8*12 
and it has not been possible to extract inhibitors from meat, 
although Roussin’s black salt added to meat can be recovered 
in about 50 per cent yield.8’12 Perhaps the inhibitor or 
inhibitors are destroyed in extraction procedures as some 
metal nitrosyls are susceptible to aerial oxidation.13 Another 
possibility is that although low molecular weight inhibitors 
are important, higher molecular weight substances9 which 
are difficult to extract may be more significant for inhibition 
in the meat system.
The available evidence suggests that iron salts, amino 
acids, and nitrite are essential for Perigo-type inhibition, at 
least in media. Also, reducing conditions are present in 
media and within the body of nitrite-treated meat, and, 
therefore, the authors have been investigating the type of 
complex formed by iron(II) with amino acids, and the 
reactions of these, in the first instance, with nitric oxide. 
Nitric oxide has been used because it usually gives cleaner 
reaction products than nitrite and acid, it is readily formed 
by reduction of nitrous acid, eg by ascorbic acid and certain 
phenols,14 and it could be an important intermediate in 
various reactions of nitrite besides the formation of nitro- 
sylmyoglobin.
Iron(II)-amino acid complexes can be isolated provided 
air is excluded. In general, the complexes (see Table 1) 
separated when a solution of FeCl2-4H20  in methanol 
was added under nitrogen to an aqueous solution of the
lithium salt of the amino acid. Satisfactory analyses have 
been obtained, and the complexes have been further charac­
terised as containing iron(II) by magnetic moment deter­
minations ((Jteff), reflectance spectra, and Mossbauer investi­
gations. The cysteine complexes15*16 Fe(CyS),l-5 or 2H20  
and Na2[Fe(CyS)2]H20  are among the few known amino 
acid complexes of iron(II).
All the complexes react with nitric oxide at room tem­
perature in solvents such as methanol or aqueous ethanol. 
Usually one mole of nitric oxide (from volume change) 
was absorbed per mole of iron(II)-amino acid complex, but 
the main product varied greatly with the amino acid (see 
Table 2). Although nitric oxide was absorbed, the solid 
products in many cases either had no infrared band assign­
able to coordinated nitric oxide (v NO) or only a weak 
band, and the solids contained iron(III). With Fe(Gly)2 
an unusual paramagnetic mononitrosyl Fe(Gly)2NO was 
obtained (fxeff =  3-8 B.M. at 295K), and from the iron(II)- 
cysteine solution, the diamagnetic compound Fe(cystine) 
(NO)2 was isolated. To produce this compound (previously
Table 1 Iron(II) - amino acid complexes
Complex® and (Xeft (B.M.)C Reflectance Mossbauer
colour6 bands parametersa
(cm-1) (mm s-1)
8 AE
Fe(Gly)2 5-28 10,800 sh 1-225 2-82
cream 8500 s
Fe(Phegly)2 5-28 11,800 m 1-19 2-90
grey-blue 7300 m
Fe(Ser)2 5*29 12,200 m 1-31 2-42
grey-blue 8300 w
Fe(Met)2* 12,300 s 1-21 2-58
pale blue 8300 m
Fe(CySMe)2e 11,500 m 1-21 2-72
pale blue
Fe(His)2, 2H20 4-80 11,700 m 1-38 2-65
off-white 10,000 w
® Representative complexes of mono-anions; complexes of alanine, 
phenylalanine, leucine, aspartic acid, tryptophan, glutamic acid, glut­
amine, and cystine have also been characterised;6 the solids soon become 
brown in air; c at 295K; d at 77K; 8 =  isomer shift, with respect to 
natural iron foil, AE =  quadrupole splitting; e previously obtained16 as 
hydrates
Table 2 Products of reactions with nitric oxide
Iron(II) complex Product uNO (cm-1)
Fe(Gly)2 Fe(Gly)2NO 1750 s
dark green
Fe(II)-cysteine® Fe(cystine) (NO)2 1758 5
orange brown
Fe(Ser)2 Fe(Ser)2NO, 2CH3OH 1750 m
brown green
Fe(His)2 Fe(His)2NO, l-2C2H5OH 1738 5
dark green
Fe(Phegly)2 Fe(III) product 6 none
Fe(CySMe)2 Fe(III) product6 none
Fe(Met)2 Fe(III) product6 none
* Aqueous solutions of cysteine and iron(II) sulphate were mixed 
in an atmosphere of nitric oxide. The other reactions were carried out 
with the preformed iron (II) complexes; 6 the iron(III) products are 
difficult to purify as they are sparingly soluble, and satisfactory analyses 
have not been obtained, but they are likely to be mixtures o f oxo- or 
hydroxo-bridged species. The other iron(II) complexes (Table 1, footnote 
(a)) also gave iron(III) products.
obtained apparently as a dihydrate18) oxidation of cysteine 
by NO (accompanied by the formation of N 20)* and 
combination of more NO to form the dinitrosyl must occur. 
Cysteine-iron-dinitrosyl [(NO)2Fe(SCH2CH(NH2) COO)2]3- 
is said,11 from e.s.r. measurements, to be formed 
when NO is bubbled through dilute aqueous solutions of 
iron(II) salts and cysteine is frequently suggested7-9 as a 
likely Perigo-type inhibitor. However, no solids were iso­
lated from the solutions in which the e.s.r. measurements 
were carried out. Since Fe(cystine)(NO)2 is diamagnetic, 
and is obtained in conditions when NO is present in excess, 
it cannot correspond to the species detected by e.s.r. spectral 
measurements, and the cysteine system could involve several 
inhibitory species present at various concentrations according 
to the experimental conditions. Our attempts to isolate and 
characterise precursors of Fe(cystine)(NO)2 have so far 
been unsuccessful. This complex inhibits19 the growth of 
Staphylococcus saprophyticus, but no other antimicrobial 
investigations have been carried out. Iron(II) complexes of 
glycylglycine and glutathione also react with nitric oxide 
but the substances involved have not yet been characterised.
From these chemical studies it can be concluded that 
iron(II) and amino acids form complexes which can react 
in several ways with nitric oxide, ie produce isolable iron- 
nitrosyls, be oxidised to iron(II) species, and, in the case of 
cysteine, form a disulphide which remains coordinated to 
the metal nitrosyl. These types of reaction are likely to be 
important not only in the formation of inhibitory substances
*Nitric oxide slowly oxidises cysteine alone, but the reaction is more 
rapid in the presence of iron salts as in the aerial17 oxidation of cysteine.
but also in the depletion of free nitrite which takes place
during the heat treatment and storage of cured meats.
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